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a and b

NOTATION OF MAJOR SYMBOLS

pressurs coefficients of index of refraction for water
velocity of soﬁnd in water

a distance r! ~ r

mass per unlt area of the plate,jﬁ),a

avorago index of refraction of that section of the shock wave balng
investigated

indox of refructlion of sea water at zero pressure

pregsnre at a distanca x and at A time ¢

average pressure of that section of the shock wave being investigated
peak pressure of original shook front

v/p

-]

true radial distance from center of charge to intersection of a pair
of grid lines in the optical distortion discussion, aleo

radial distance from center of plate to diffracted shoock front in
cavitation theory

apparont radial distance from center of zharge to intersection of a pair

of grid lines
ol + (1 -D,)
2

an averapge radius vector

radiué of bubble or particle
inslde radius of pipe and/or radius of the diaphragm (or *"plate")
shook wave radius

radius of cavitation region

outside radius of pipe

radius of steel plate

interfacial tension between matér and the particles

time measured from the time tho original wave strikes the plate

- %ime corresponding to x, (calculated)

interval of time between impact of shock wave on plate and time of
photograph

t/e

instantaneous velocity of the plate

. *Page whers synbol is firast used

L7

63

47
43

2}
4
21
21
21
20

61

21

26
63
61
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NOTATION OF MAJOR SYMBOLS (Continued)

the distance of any point measured positively out into the water from
the initial position of the plate

farthest perpendicular distance of cavitation from plate
x/c6, 1.8, distance in units of c®

Xo/c0

welght-distance expoﬁont for peak pressure f
- N8 : D
Ppax = Constant x (Wl/B/ R ) - ‘

8/6y, c8/x. ._:___(
time constant of shook wave
cavitation timo T

exponential decay constant of shock wave with respect té dista;cg
exponential docay conatant of shock wave with regpect to time
wo e .

denglity of water

interval of time betw:en impace of shock wave on plate and beginning
of diffracted shock wave from the edge . .

-

-y

61
21

20
2

75

75
21

21

47

47
21

2

63
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Interesting photographs of underwater explosions in model tanks have been cbtained by
many investigators. Their experiments suffered almost universelly from the drawback that
1t was impossible to shoot charges larger than a gram or even a tenth of a gram. A technique
hes been developed at UERL of shooting in the open ocean so that the charge size 1s limited
essentially only by the transparency of the water rether than by the strength of tank,

This report discusses in detall the methcds and apparatus used in obtaining the pictures
and the results of some two years of experimentation. It indicates the usefulness of photo-
graphic techniques for studying underwater explosions,. S

II. EXPERIMENTAL METHODS AND EQUIPMENT
TWO main types of picture have been taken- the flash photograph in which a single
picture of approximately one microsecond exposure was obtained, and the motion picture, which
usually gave three or four to several hundred pictures in a single experiment. -These letter
plctures were taken at .speeds up to 2500 per ‘second and corresponding exposures down to 100
microseconds. The two methoda will be taken up in detail. B

/

I

"1 Mothods of flash photozraphy

.{a} -Geperal informatlion.  =-- In taking short exposures of rapidly changing phenomcna,
the shutter of the still camera wus opened, the explosion initlated, a short
duration flash of light emitted, and the shutter closed. During the winter months,
it was found poseidle to work' in daylight by actugting the instantaneous shutter
mechamimm, set at 1/100 second, with n solenoid and. synchronizing the explosion
nlectrically. Vhen the sun was brivhter, howéver, this method caused a general
fopging even nt 1/200 second, and 1t was found necessary to work at night. This
simplified the problem of synchronization inasmuch®as it was possibls to set the
shutter on bulb, open it with the solenoid, fire the charge, and close the shutter.

In experiments in which it was necessarv to "sto n ahock waves, the Iight source .
was an explosive flash charge (Section II, 1, (d)). The delay between the time‘of
detonation of the subject charge and the flash charge was obtained by the proper
length -of Ensign-Bickford Primacord whose detonation velocity is 0.248 incher per
microsocond. '

It is possible to obtain wultiple expogurcs on a single piate by firing several

" flash charges in aoqucnce, using primacord timing.
When extreme speed was not necepsary, the .flash charge was replaced by a photo-~
flash bulb or Eastman Kodatron Speedlamp

""‘R
(b) TVater transpurency. -- One of tho 1mportunt ‘varinbles in undervater photography

in the open.sea (near land at least) is the transparency of the water.: Not only
does the total amount of transmitted. 1ight from a constant light source decrease
ut lower transpurency, but, since the lower transmission 1s due to turbidity, image
sharpness decreages even Lf .tho proper exposure is made. -To take this into account,
a crude- traanarency measu.-e is made by dropping a white disk eight inches in

" diameter through the water until it disappears from vigw.. The depth of this dis-
appearance is recorded as the "Secchi disk reading.? "l Asa rough rule of thumb,
1t may bo stated that fairly good pletures can be taken with object ~-to-camera
distances up to half the Secchi disk reading. )

P

;/ Progress Report on Undor\nter Photography, by D.E. Kirkpatr .
ick L. Norz M., B
NDRG Section C-4 (Division 6.1), May 4. 1942, wpatrick, J.L. Morsel, M. twing,
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For most single flash photograpnhs, Eastman Contrast Process Ortho film was used
and developed in D-11. Typical lens oponings with a 250 gum explosive flash charge
at 8 ft. from the camera varied from £/3.5 to /8 depending on vater conditions.

(c) Camerap for flash photography. =-- A variety or cameras were uged for flash
photography with approximateiy squal success. In order to keep the size of the

equipment at a minimum, 35 mm st1ll cameras wore used.

(1) Argus C=3. Figure 1 shows the Argus C-3 camera and its water and explosion-
proof case. This camera has an internal synchronizer which was sometimes
used to set off explcsions when the shutter was at its maximum opening. The
case was constructad from & 1/2 in. 0.D. by 3/4 in. thick steel pipe and the
window is of 1 in. thick "tempcred" glass hav ag a 2 1/8 in. diameter for the
unsupported area. The caso and window have successfully withstood the
explosion of a 300 pound charpe 50 ft. awey, both charge and camera case being

at a depth of 40 ft. N
(11) Kodak "35". Figures 2 and 3 ghow a Kodul "35" and case. This case which was

made from a pipe coupling, hags also survived the exploasion of a 300 pound
charge at 50 ft., The camera was later modified as shown in Figure /4 which
shows a much smaller homemade camera using the lens and shutter of the Kodak
35. A smaller case would ohviously hnve been built for this camera.

(i1i) UERL camers. In tho eurly stages T this work it was considered that com=-
mercial cameras mipht not be rugped enough for the work we were doing, and
a camera with laboratory desircnatlou "Brute" was constructed, The "Brute”
camera conalstad aerely of a solld brass cylinder with a heavy spring-driven
rotary shutter, » hole ror tho lens, and another for the £ilm. The camera

also contained a "foolproof™ wynenrcnizer for {iring the charpe which con-
aigted of a contuegl made hy the Shiiter at any deasirad time in {te travel,
By using an SSS seismorraphiec cun (No, ) which cxplodes within a millisecond
of the time the circuii 15 cload, the gynchronizer could be set to close the

circuit when the shutter was barely opened and the timing would then auto-
matically be right, =~ — .

// Subsequent experience showed that the commercial shutters were gufficiently ruggeél
so long as they were not- immisFsed in.pea water, and the "Brute" camera was rarely -
~ © used. ; R |

The cameras were all mounted:on rubber as a matter of principle.: /

(iv) Autcmatic photography. One phetoraph was obtained by means of an automatic
riz. A charge was detonated which activated a pressure switch., The pressure
switch cloged a solenold cilrcult which tripped the camera shutter, Aes the
shutter opened, e synchronizing switch fired a cap in the flash charge. The
battery required was enclosod in the camera ciase. The resulting photographie
imape is not reproduced. Thils method can be used in experimonts in which
external connoctions with the camera are undnairable or impossible.

(d) Light sources. =-- Still close-up photopraphy of explosion phenomena requires
exposures of the order -of a ™™ (& sec and*wTight, Source of about & million candle-
power. A uatisfactory source ‘o light wns developed by the Explosives Research
Laboratory ut Bruceton, Pennsylvania £/, utilizing a spherical cast expleosive
charge of pentolite mounted conccntricnily in a round botton glass flask; the
space between tho charpe and flask beins £111ed with arpgon at atmospheric pressure.
Duration and intensitv of the 1ight inereased respectively with the thickness and
arca of the arpgon layer. -

.. . . ‘s

g/w'fhe'Flash“?hotopruphy of'Dotonutigg”Exnlggiyggugqgﬁgz 1, 1943, Explosives Research
Laboratory, Bruceton, OGHD Report 1408,

165618
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Argon-surrounded flash charges wore adepted at UERL 74 for use underwater and

proved satisfactory. By using conical rather than spherical charges it was

possible to produce a given amount of useful light with less explosive. The

amount of light emitted by the charges s#as about halved if the gas layer was =ir
Instead of argon. Tests were conducted with charges coated with mercurous chloride
and sodium chloride (because of their emission spectra) but the results were

erratic. The various types of flash cha*ge prepared at UERL are illustrated in

Figure 5.

(1) Glass enclosed flash charges for depths down to 20 feet. Since this type of

(11)

flash charge was uscd most, its fabrication will be discussed in some detail,
A primacord fuze 1s cut to the desiied lsngth and one end rolled tightly in a
2 x 2 x 1/32 in. sheet of lead wit th~1/8 in. of primacord projecting beyond
the lead (see 1C of Figure 5). The function of the lead is to prevent detu-
nation except thet starting from the center of the sphere. To obtain maximum
charge density and to minimuze segregation, all of the air should be driven
out of tho molten pentolite and the mix should be as cool as possible when
poured, The charge is cast in a well-greased (e.g. petroleum jelly) plaster
of paris mold (Figure 6) with the exposed end of primacord fuze in the center.
The half molds are set over one another on their rims with the fuze in the
groove provided and with the filling hole on top. Molten explosive is poured
in up to the base of the filling hole and as the mix cools and shrinks, more
is added to keep the lovel constant. When solid, the charge is easlly remcv‘d
by taking apart the molds. Molds may be cooled regreased and used again
many times,

Charges may also be case as two hemispheres. One hemisphere is cast with the
primacord fuue in place end la removed from the mold when the oxplosive
solidifies. Molten explosive is poured into the second mold up to tZ?mlevel
of the fuze groove and the flrst half (with fuze) is placed on *op. The
completed charge is ousily removed from the mold when the second half
solidifies.

The charge 1s next méunted in the round bottom glazs flask which has been
split into two halves (ses 1B, 1C of Figure 5) by the hot wire technique
familiar to glassblowers. Rubber tape is wrapped around the lead covered
primacord fuze to provide a snug fit in the neck of the flask and to cknter
the charge. There is a 3/16 in. space between the charge and the wall of ths
flask., A small chip of glass is removed from one of the split edges of the
flask to provide a {illing hole for the gas. The split halves of the flask
are glued together with transparent typon.paint or Duco cement and the region
over the seam is painted twice with the cement for waterproofing., Plaster

of paris is poured into the neck of the flask to fix the charge in position,
ald in waterproofing and minimize the leakage of gas. Bostik cement (a
heavy-bodied rubber compound) or vaseline is placed over the plaster of paris.
to waterproof completely the mouth of the flask. Just before shooting, the
charge is placed in a steel (for sufety) vacuum desiccator, the air evacuated
through the filling hole and argon allowed to flow in an atmospheric pressure.
The filling hole 1s then reseuled with a plece of scotch tape and Bostik.

Conical flash charges “or depths down to 10 feet. Only a part of the light
distributed by the shperical type flash charge described above is used in
illuminating the field of view of the camera. The lighting efficiency may
be Improved by using a reflector behind the flash charge. However, there
wag 1ittle loss in 1ight when the spherical charge was replaced by a conlcal

&

3/ Preparation of Charpes for the Study of Explosion Phenomena at UERL, by P. Newmark and

E. L. Paterson, NDRC Report A-381 (OSRD 6259); almo The Preparation and Testing of High-
Intenalty, Short Duration Underwater Fleres, by E. L. Patterson, NDRC Report A-382
(OSRD 6260),

¥hile this technique leads to some cavitation at the cnntor of the cold charge, it was

found in practice to make 1little or no difference for this purpose if the precautions

noted above were taoken.
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Flg. 5. Varlous types ¢ flash charges prepared at UERL,

Data for Fipure 5 - Various typen of f£lash.charpes prepared at UFRRL. .

250 gm spherical pentolite flash charpe - plass-cased and uncased. (Sce Figure 7).

75 gm spherical pentolite flash charge - uncased. ! L . .
Materials: primacord, 1/32 in. load sheet, rubber lupe, plister of paris, and split’ :

flask (200 ml round hottom). )

Conical flash charpea. (sce Fipure 8).
Cylindrical tetryl flash charges (snlt coated).
Flash chargos for deep water. (ucc Figure 9),

oo,
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charge which was actually a sector of a sphere. (Ses 2 of Figure 5). The
fabrication is indicated by Figure 8. The advantage of this form was that
about one-seventh the amount of explosive ( »s 40 gm) was required which

permitted the use of flash charges in areas where half-pound charges were
too large. ’

(111) Flash charges for depths down to 600 feet. The construction of a flash charge
which would be waterproof in deep water and wonmld not collepse under the
hydrostatic pressurs was accomplished by casting the pentolite in a tin can
and using a thick {1/4 to 1/2 in.) disk of luoite for a window; Figure 9 shows

: the details. Photographs of this type of charge are given in Figure 5 (4a,
4b). The window is clampod againat a rubber gasket and a 1/32 in. hole is

. . drilled in the window for amn argon filling hole. .This hole was later. closed
. with a tapered plug of “wood and Bostik. A metal tube, closed at ons end and |
soldered to the base of the tin can, projected into the explosive to comprise
the detonator well. The ‘charge was detonated by inserting primacord into the
open end of a non-electric blasting cap, wrapping the junction carefully with

rubber tape, inserting the blasting oczp into the detonator well, and initiat-
Ing the primacord..

""(1v) Other sources. Some single plctures of damagze to model structures were taken
with a 322 photoflash lamp or with a gas-filled Kodatron flash tube. Both of
theso lamps had to be protected from the explosion by a metal case with Tucite
window. The usual explosive flash charge technique was not employed in this

instance because the final damage to tho model would have been affected by the
explosion of thes flash churge. '

{o) Upderwater equipment. -- Figure 10 shows a sketch and Figure 11 photographs of a |

: typleal experimental eet<up for underwator photography., The majority of experl~- ™
ments were carrled out in ringse of this sort. While the circular shape is not the
most convenient for the suspension of mlscellaneous objectse, it is generally less
subject to destruction from the exploalons, ILightweight objects, such as paper
diffusing sorecns, were stayed from the ring by llight line, while cameras, gauges.
and other heavy gear were fastened directly to the ring or to sturdy auxiliary
structures bolted or welded to the ring, '

(£) phy devices. -- The flash charge and ths target charge were generally fired a
short time apart by connecting them with primasord. Since it was sométimes
undealrable to have primacord extending bstween the two charges, a wethod was
developed for simultaneously firing two charges which were separated in space.

The method was to dlscharge a 40 microfarad condenser, charged to 600 - 1000 volts,
through two No, 8 S38 seismographic caps connected in series. Under these con-
ditions the caps detonated within a few microseconds of each othsr. Primacord

was still nocessary to obtain delays, but more control was obtainable over the
geometrical configuration of the primacord since it was no longer necersary to .
have a continuous length between the two charges, Furthermore, this eliminated

tho necessity of having primascord 1n the field of vlew vhen photographing explod-
ing charges. '

2, Methods of motion pictﬁ;; photopraphy.

Relatively slow phenomena, such as bubble growth and structwral damage, can be photo-
graphed successfully using motion picture technique. We have -used two conventional movlie -
cameras and an Eastman iigh Speed cemera, all of which require a continuous light source.
For pictures in which a total duration of only 100 milliseconds s required, such as studies
of damage from a 25 gm charge at 600 ft. depth, & single #31 photoflash lamp has bheen used.
For longer durations it is possihle to use saveral photoflash lamps tripped in series,:

Eastman Super XX film or its equivalent has been used in all underwanter movies.

(a) ‘Camerag for motion pleture photograshy. =«

(1) Eactpan high gpeed camera. Figure 12 shows the Eastman high speed electri-
cally driven 16 mm camera with attached Lord vibration mounts. The mounts
slide into the tracks shown inside the case, (Figure 13) and shock mounts
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(v)

(e)

(a)

(e)

on the ends of the case prevent camera motlion along the axis of the cylinder,

The case for this comera is made of standard 16 in. 0.D. by 3/8 in. wall
thickness stesl tubing, and the ends sre hot rolled steel 1 in. thick. We
have never tested this case near 1ts ultimate strength, but it was calculated
that it would stand over 1000 1bs. /1'1,2 static pressure end conelderably mors
dynamie prassure of low tine nonsfnnt.

\
The high apeed camera can be unad al apeeds ap to 3000 frames per second.
Due to the rotating four-sided prism thet is Interposed between the lens and
the film, the ratio botween expooure timo und the time batween frames 1is fixed
at 1/4 and the minimum expomwe tlne is 80 wicrosnconda. Another effect of
the optical system is that It caquirms long focul length lensés (63 mm mini-
mum) with the result that the fileld of view is smull (angle of view ca. 5°) at
reasonable object distances. This feature is a drawback in underwater photop~
raphy dus to the further restriction« the fiald which results from the high

indax of refraction of water, and the severe limitations on object distances
dua to wnter turbidity.

(11) Jorome camera. Figure 14 shows the Jerome 35 mm camera. This camera is of
a conventional type, electrically driven, and is limited to spoecds slower
than 100 frames pgr second. The angular opening in the shutter is variable,
g0 that exposures as short as one millisecond can be made. A 1 in., focal

length lens was used to obtain the widest possible angle of view, The shock
.. mounts shown in the figuro engspge tracks in the case.

(111) Victor camera. Our first underwator movies were taken with an ordinlry
sprinp—wound 16 mm comera running at 6/ framnss per secoud, - a-bh Hn exposlse
tims of approximatoly 1/130 second.

Associatod equipment for underwmster photography.

(1) Underwater gear. One of the rigs used for photographing .damape to cylindrical
tarpets is shown in Figures 15 and 16. The photogruph (Fipurs 15) shows the
rlg urranged for’ photographing by refleetoed light vhile the drawing {Figure
16) shown the set-up for silhouette. The parallel beams in this frame can

be extended to obtuin grealur object disteances, Figure 17 showa the firing
circult diagram, .

Light nourcos.

(1) PpPhotoflagh lamps., In order to increase the duration of the illumination uged
in thece photographs, several photoflash lamps may be pet off in sequence by

means of the rotating commutator switch shown in Fipgure 18, The proper time
interval to use betweon #31 photoflash lamps is 80~100 miliiseconds. In the
clear wators around the Bahwmway, 1t was found that a good ellhoustte of a
cylinder could be obtainad at 2500 frames por second with the lens at f£/11
using two #31 phototlashes 9 ft. from the camera,

(11) Mercury Arc. The light source used with the Victor camera was a G. E, high
preasure H-6 merewry are. This proved sstisfactory except that in a fair
frection of the experiments the light was extinguished by the shock wave,

Furthermore tho intensity 1s too low for high speed work, and 60 cyele fluctu~
ation would be undesirable in short exposure pictures,

Timerg. -- Each camera is equipped with a small neon flashor which provides timing
by marking the edge of the film at & frequency determined by tuning forks - 1000
cyclea for the High Speed and 50 oyclen for the Jerome. Circuit diagrams for the
power supplies that operate these lampe are given in Appendix III.

Power_pupply for camerap. -- The camerns must be brought up to speed gradually.
Tha High Speed is equipped with an interral mechanism which cuts out a reeistor
and provides for gradual acceleration. The Jerome is mccelerated by hand with a

Variac. The High Speed requires sbout 1.5 kw (2 at starting) and the Jerome
less than 1 kw.
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I1I. RESULTS OF EXPERIMENTS
1. Cavitation

Inasmuch as damage theories depend on the preaence or absence of cavitation, 1t wéa
conaldered irportant to investigate experimentally the more important facstors influencing

the production and decay of covitation. The various diviaions of this problem will be
discussed separately. .

(a) Minimum tepsion pecessary to caupe cavitation. -- While theoretical considerations
. lead to the expectation that wvery high negative pressures should be necessary to
start cavitation in extremely pure (nucleus-free) water, it can be demonstrated

that if bubbles or particles of radiue ry, are present, cavitation ehould appear
at P = -ZB/EB, where 8 is the interfacial tension between water and the particle,
N Inasmuch as seawater contalns numerous suspended particles, some of considerable
. size, cavitation might be expected at small negative pressures (tensions).

In order %0 determins tho minimum tencion required for cavitation in seawater,

the following experiment was carried out: A weak shock wave impinged on an mir-
backed cellulose acetate dlaphragm 0.02 in. thick and 6 in. in diemeter, At a |
known time after impact a photopgraph was taken and the position cf the cavitating
region noted. From the curves given in Appendix I, the tension was estimated

at the minimum distance from the diaphragm at whiech cavitatlon occurred, since
the magnitude of the tension is a direct function of the distence from the
diaphragm, thie value gives the minimum tension necessary for cavitation. It is
possible that lower values ocan be found under other conditions,

Figure 19 shows cavlitation In front of such a surfaco whon a 10 gm charge of
loose tetryl was fired 24 in. from the diaphragm, The pueak pressure 24 in, from
this charge is estimated to be 2700 lba./in.z. The charge used 1n making Figures
20, 21, and 22 was a thres~foot plece of primacord stretched in & atraight line
perpendicular to the diaphragm at its center. For P.gure 20 the cloassst end of
the primacord was B in. from the surface of the dlaphragm, in Flgure 21 it was

. 10 in, and in Figure 22 it was 20 in. The peak pressures p, in the shock fronte
at the target are estimated to be 1100, 900, and 450 1ba./§". respectively. The
letters A and B mark the positions of the primary ard reflected shockweves

respectively as observed in thc originul negatives. It will be noted that cavita-
tion is visible in all four plctures.

The theory of Appendix I has besn used to estimate the pressurcs in the water in
front of the diaphragm. This simple theory assumes that the shock front is planar,
thet tha diaphragm acts as an incompressible free plate of infinite extent, and

that the repgion ahead of the cavitation front is unatfected by the prosence of the
cavitation,

Cavitation io observed at least ms close to the disphragm as 1/8 in. Frow Figure
131 (Appendix I) 1t is estimoted that the presaure.at this point (X = 0.04) never
fellp bolow P = 0.1 or p = -0.1 pse  In the cuse photographed in Figure 22 thils
means, according to this theory, ghnt the tension -p near the diaphragm never
exceeded 45 1bs./in.2. We thorefore conclude thet cavitation in peawdter can

oceur at 45 1ba./in.? (or aven less) on thoe bLaeis of this interpretation of the
axpoeriment. Since the maximum tension poposible in this experiment on any theoret-
ical basils is 450 1bs./in.2 we conclurde that this value represents an upper 1imit
for the required jension. These valuso are estimuted relative tensions, from which

about 18 1bs./in.“ must be subtracted to correct for atmospheric plus hydrostatic
pregsurs,

(v) Critoriop for cavitation i front of a steel disphragm, =- Kirkwood 5/ has

4%/ The Plpptic Deformation of Marine Structurcs by sn Underwater Explosion Wave 11, John
G. Kirkwood, OSKD-1115,- Serial No. 450, December 9, 1642,
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postulated (See Appendix I) that cavitation at a particular point in front of ihs

diaphragn will cocur only if the cavitation time @, ie less than the time for the

diffracted wave to come in from the edge of the dtaphragm and that the cavitatiom
time .cem be calculated for an infinite rigid free plate by

6, = & 9 bn &
.. e
in which-@ is the time constant of the shock wave and 6 = onc, n bélng tke nass
per unit area of the plate,éza and ¢ the density and sound veloclity of water,
B

respectively. In order to t this hypothesls, two series of photographs were
tuken.

In one series, shock waves were reflected from a deformable steel diaphragm,

the center of whish should approximate the motion of a free plate in the initial
pert of ite motion. In the other serles, a closer approximation to a true free
plate was made by supporting a steel disk on a weak backing of cellulose acetate
or shim brass, and in a few pleturen there was no support for the ateel plate.

Figures 23, 24, 25, 26, and 27. show UERL diaphrapm gapes being damaged under the
conditions given in Table I. The 1lable schows that cayltation occurs only.when 8c
is less than _[_, where R is the radlus of the diaphragm In a few cases, no
caviuation ogcurred under this agonditlon, but the condition was satisfied by only
-a slight margin., In Figure 25 the cavitation region does not extend back to the
diaphragm., This is thought to be due to the incresse in pressure caused by
"reloading"” or deceleration of the diaphragm.

The target used to obtain Figure 28 was a 0.013 in. thick steel diaphragm scldered
over the mouth of s 6 in. pips. Five oillwr photugraphs were teken of similar
targets in which the only exporimental condition changed was the time lapse after
impact of the shock wave fron the 50 gm charge st a distance of 12 in, Cavitation
occurred in all pictures vxcept one in which this time lepse was approximately 8
/%sec, whereas the calculuted cavitation time (Qc) is 6 /lsec.

Figure 29 is g drawing of the targot used In the second seriea of photopraphs to
giva a closer approximution to a frse plate.

Steel disc—"]
SIS

Figure 29. Target simulating free plate.

Typieal photographs of cavitation from such a target are Figures 30, 31, and 32,
Using this tarpet, it is tound that the position of the cavitation front 18 very
close t the reglon of zero pressure calculated by the wethod of Appendix I,

Measurements were alaso made of the radiuvs R, o the cavitation re;lon and of the
maximum perpendicular dlstance from the plale that cavitation ocewrred, X,., The
timo ng or lmpact at which the plcture was itaken g wis culculated firom The value
of x¢ 2/. These values are shown in Tuble II, together with the corresponding time

6/ The equation for this wup developed from the thoory of A\pp?ngix T.
b, = ) }Zn 28 o . )
- (] o -
g-1 C(prp e -((5-1)0"-7;9
where ) ? - 9/01

A
~—
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TABLE I, Cavitatlon data i:or steel plates in UERL diaphragsm gage,

Fig.

Film

Cavitation

Charge .8 Plate .
No. No. Welght  Distance ( /ueec} Thickness Time ©¢ R/ec Cavitation -
(gm) {tn.) {in.) . _(/A‘, sec) f/,l. sec) Observed?
2 50 12 35 0,013 6 29 yes
3 50 14 ] «013 6 29 yes
23 - 1. 50 2 . 40 .025 8 29 - yes
218 50 24 0 040 12 29 yes
‘2, 219 50 ° 2 40 «039 12 29 yeso
220 500 48 T 80 .038 15 29 yes
5 50 12 .35 074 17 29 yes -
25 19 250 ...30 55 ,073 N 29 yes
26 70 250 36 - 55 076 P 29 yos
27 24 50 12 35 .156 28 29 no
) 23 250 30 55 156 34 29 no
4 50 12 35 « 500 45 29 no
21 75 12 40 « 500 48 29 no .
22 75 12 40 500 48 29 no
31 75 12 40 <500 48 29 no
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tg found from the shock wave position. The radius of the cavitation reglon Re
Was slso caloulated and the values are shown in Table II together with the ~—
measurad values. In the ecaleculation it was assumed that cavitation takes place

only in the region where the pressure drops to zero E7fbre the compressional
diffraction wave from the edge of the plate arrives.l

It 18 asmmed that once cavitation appears, it persists for some time after the
diffraction wave from.the edge of the plate has reached 1t. ({See Section III, -
1, d.) The rather good agreement of the calculated and observed results for both
sets of values argues that the assumiptions made in the calculations, ‘ineluding

the low valuc for the tension necessary for cavitation, are roughly correct.

The target used to obtain Figure 33 was 'an essehtimlly completely free plate which
is 11luatrative of several experimenta. ™A small can filled with air was hung with
its opun end down and the disk was supported at the alr-water interface on small
clips which offered no resistance to 1ts motion., The fact that nc essential
difference 1s shown between those experlments and the type illustrated by Figwe
29 indicatos that plates mountsd as in Flgure 29 wera essantially "free" plates,

{¢) Cavitation from cbjects othor than plane surfaces. -- A aingle photograph of an
early UERL cylinder taken 200 sec after impact of a shock wave from a 65 gm
tetryl charge 30 in. distant shdwed a considerable reglon of cavitetion. This is
seen in Figure 3/; the cylinder ia not shown becsusc of the restricted field of
view., The cylinder axls is parallel to the plane of the photograph and the top
edge of the cylinder is in view st the lower edge of the piature. TFigure 35 shows
cavitation off the side of a 4.5 x 5 x 0.011 in. paint can 129 /LLaec after being
damaged by a 25 gm charge 48 in, away.

Figures 36, 37, and 38 demonstrate that no cavitation occurs when a 1/4 in,
piezoelectric gage, or d Hartman type momentum gage or a 5 x 5 in. eylinder of
steel is hit by a shock wave from 250 ¢gm of tetryl at 30 in,

Disappearance of cavitetion. -- If the cavitation bubbles consist simply of
water vapor, it seems hard to understand why these bubbles persist for long times
after the pressure has returned to the hydrostatic level. In an attempt to cast
some lipght on this problem, a serles of experiments was performed in which cavita-
tion was allowed to dlssppear apontaneously, whlle, in another series, suxiliary
shock waves were passed into the cavitation region. .

Figures 39, 40, Ai, 42, and 43 show a sories of photopraphs in each of which a

0.002 in. brass diaphragm supported by a & in. pipe was ruptired by a 25 gm charge
12 in. away, The picutres aro taken at differont times after the impact as shown.

The finest bubbles begin to disnppear by 125 /xlsec and there is only a iruce of
cavitation left at 400 /‘(sec.

Flgures 44, 45, 46, 47, 48, and 49 show the effect of an wuxlliary shock wave.
The auxiliary charge, data for which sre given in Table II1I, is detonated’ at the
seme time as the charge causing cavitation either by means of primacord or the
simultaneous cap method. It may be seon that increase ir ths pressure of the
auxiliary shock wave results in more effective destruction of the cavitation,

that increase in time constant has but 1littlo effect, and that the large bubbles
are nuch more resistant than the fine bubbles.

(e) Cavitation eaused by oblique reflection of shock waves from sir-water interfaces. -
Experiments were performed to discover whether thore was a critical angle of

raflaction from a water-air interface heyond which no cavitation would oecur. The

7/ 1In computing the time at which the diffractlion weve relieves the tenslon in front
of the plate, -1t must bo remsumbored that the front of the diffraction wave may actuslly
reduce the pressure in front of the plate and only in later stages raise it, sinee
initially the préssure is higher in front of the plate than in the surrounding water.

It is only when the plate is surrounded by an infinite haffle that the diffraction
wave 13 always positive relative to the existing pressure.

2
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Table YI. Summazz of results of studies of cavitation from simulated free plates.

Fig. Film Inside Thick- Radius Charge Charge- Time Re (ecale) R.(obs.) x.(obs) tc(calc) tg(obs)
. No. No. Radius ness of of disk’ Weight plate  Cop- K] in. (In. (In. (Bicro- (micro-
: of pi disk (in.) (g? dis- stant N radins Length  sec) sec)
(1n.§e (in.) tance of o~ of cavi- of cavie
N . . {in.) © Shock® Vv tation tation
" . ’ Wave v rveglon region
’ . . ; 6 (mic- <O
rosec) )
™ 2.78 .154 1.65 25 2 32 1.59, 1.98 1.5 2.0 . 48
E 79 - L] L L 150 " L4 2.19 1.78 1.5 2.4 56 53
30 80 " " .00 - " " A2 1.78 1.9 2.6 58 59
83 1.78 » 1.65 25 12 24 1,20 1.12 1.1 1.8 42 46
31 85 " " " 150 24 Wdy 2.19 C.78 ~0.6 3.2 69 76
32 88  2.63 .255 2.33 " 44 1.33 1.46 1.1 1.25 L7 48
93 1.55 .154 1.38 " n Ay 2.19 0.55 0.3 .— 2 - 66
a5 1.55 . n 250 n 51 2.5/ 0.46 None -— No - 7
‘ Cav,
97 1.79 .382 1.66 150 " FAA 0.88 0.48 0.3 1.8 59 67
99 n " " " " A 0.88 0,47 0.5 2.5 T2 81
100 1.55 .190 1.38 n " I A 1.78 0.48 0.3 2.4, 58 59
201 2.63 . 502 2.47 25 2 2 0.37 1.80 1.1 3.0 78 78’
202 1.80 .382 1.76 250 24, 51 1.02 0.33 .02 2.8 76 85
203 1.55 .190 1.34 " " 1 2.06 0.37 None -
204 1.80 1.06 1.63 n " 51 0.37 0.04 None -~ No 96
s - - : Cav,
paVA 1.60 0.150 1.5% 25 12 24 1.20 0.95 0.90 2.2 48 54
33 216 " " " " " 24 1.20 C.95 1.0 1.2 41 38

Tablo IITI. Experimental conditlonsa applying to the photographs of Fips, 39 - 49.

Target, .002 In. air-backed brass diaphragm over end” of 6 in. pipe,
Cavitation produced by 25 g loose tetryl charge. -
Distance from target %o cavitation producing charges, 12 in.

Auxiliary charge and shock-wave data Approximete time

interval betwecn

Figure  Clurge  Charge to Calc. Peak Calc. time  mpact of cavita-

Number * Relght chock wave pressure constant tion producing
(g? sistance (1b/in.?)  (m‘crosec) wave and plcture
(4. . (microaec)

39 None 75
40 None . 125
JAs None 175
! _ 42 None 225
| 43 None ' 400
44 25 20.5 4400 30 125
| ' 45 150 40. 4000 49 235
f 46 150 35. 4600 48 125
: : : 47 250 4. 4400 60 125
48 ©250 14.5 13000 A5 125
49 25 35.5 2500 35 90

27 1558
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water-air Interfaces were provided by filling with alr to hydrostatic pressure a

6 in. pipe open on the bottom ag shown in Figure 50, Other experiments were
carried out substituting a 20 x 10 in. shect-metal trough for the pipe, and

finally by using the surface of the sea on a calm nipght. It was found that such

a critical angle existed anmd was greater for pgreater slze of surface.

1o compressed air supply

- e T o ———— —‘-ﬁ’s"l

10*
Interface
= 13"
Cavitation .
Primary
9.5" -~ shock
Reflected rad wave
tension
wave

IJJES g tetryl charge |

Figure 50. Sketoh showing experimental arranpgement for Figs. 51 - 56.

The results of tho experiments with the six in. pipo are listed in Tablé v,

and slx representative pictures are shown in Figures 51, 52, 53, 54, 55, and 56

The er1tical angle is about 70° for the conditions of these experiments.

Table IV Date of Experiments on Obligue Reflection of
Shouck Waves from Water-alr Interfaces

Distance, Angle of Eatinatad

Gharge Charge to Incidence Pesk
Pig, Film Weight Shock Front Pressure
No. No, (gms) _ (in,) (Gegrees)  (1bs/in.2) Cavitation ?
51 256 25 23 1/2 0 3700 yos
52 270 250 45 45 . 4200 yos
- 258 25 22 1/2 50 3900 yes
- 261 25 19 1/2 56 4500 y=8
53 264, 25 19 1/% 62 4500 yes
54 265 250 45 1/2 69 4100 no
55 259 25 21 70 4200 no
- 267 25 20 1/2 gl 4300 ?
- 269 250 4 71 4100 ro
56 257 25 23 90 3800 no

With the large trough, pictures have heen taken up to 80° and, using the surfact

of the ocean, up Lo 83°, Cavitation was present in all cases, although it wes
much fainter at the larger angles, Seo Table V for complete data and Figures
57, 58, 59, and 60 for typical examples,
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Table V.  Data of experiments on oblique reflsction of shock waves from
20 in, by 10 in, Water-alr interface, and from ocesn surface.

Estimated
Chargs Charge-to-  peak pressure
Charge below shock at time of Angle of Qualitative
Fig. Film Weight surface front photograph incidence description
No. No. (g? (1in.) {1n,) (1b./4in.<) (degrees) Surface of cavitation
57 281 25 6 20 . 4400 73 Trough Heavy
282 25 4 24 3800 81 " Heavy
. { Pig. 58)
58 283 250 12 45 3700 75 n Heavy
284, 250 8 16 3600 g0 " Light
' ( Fig. 59)
285 25 12 45 2000 75 " Heavy
( Fig. 57)
286 . 25 12 50 1800 76 " Moderate
( Fig. 60)
59 288 25 12 68 1300 80 " Light .
289 25 12 70 1300 80 » Moderate
. .. ( Pig. 60)
297 25 12 73 1200 81 Ocean Moderate
' ( rig. 60)
401, 25 8 75 o 1200 84, " Light
( Pig. 60)
60 402 25 .14 Th 1200 79 " Moderate

bk
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2.

Investigation of the effect of shape of charge and point of detonation on shock wave
and_bubble

Photographs (reporduced in Figures 61 to 103} of the shock wave and bubble
surrounding spherical, cylindrical and conical charges weighing spproximately 1/2 1b. .
have been taken et intervals ranging from 10 to 20Q microscconds after the initistion
of detonation at varlous points in the charges. It has been found that the shock wave
tends rapidly to become spherical aiter it leuves ilw churye. A gesph (Flgure 105) .
giving bubble slze as a functlon of shock wave radivs for spherical charges of this
type is algo included,

The chargey were all of cast pentolite and wore bare except for a waterproof
coating, The cylinders were cast in the following length-to~diameter ratics (keeping
the weight conmstant)s 111, 211, 4:1, 8:1. Tho cones were of the same weight as the
cylinders and were equilateral. Timing of the detonution of the mnin charge and the
flaeh charge wan accomplished by the slmultaneous firing of two Nu, 8 selsmographie
(sSS) DuPonl caps connected in sories, ®ho delmy intorval Lwing determined by a sultable
length of primacord extending from one cap to the flash ehurge; tho other cap was in-
serted in a well provided in the main chargu. Ore cylinder ot each chepe was detonated
at the center and ancther et one end. Of tha cones, one wag detonated ait the apex,
another at the centor of the bage and a thiyd at the Ycenter® defimed aes the point
equidistant from the base and tho conivsl wali. As control tests, photographs at ihe
sams tlime Intervals were teken of cust pontolitu spheres of the same weight and
detonated from tho center,

The experimental selt-up for these shots conelsted simply of the main charge, the
flach chargo, the camera, and occasionally a translucent diffucing screen. The main
oharge was suspended in front of the cemern by strings cast in the charpe; the flash
charge was mounted on tho line from the camera to the maln chargs, amd behind the |
main charge as viewod from the camera. %Tho diffusing screcm, when used, was mounted i
between tho flash charge and thos main chovpo. For the 10 nnd 50 microsecond series,
the distance from tho camera to the main chargo was nbout 60 in.; the distance from
the main charge to the flash charge was about 24 in, For the 100 mlerosecond series,
the distances were about 76 in, and 32 in, reopectively, and for the 200 microsecond

- series, the digtances were sbout 112 in. and 46 in. respectively.

In some of the sphericel charge control shots, two straight steel rods 3/8" in
diameter and about 6 ft. long were mounted perpondicular to the camera~-charge axia
and in the plane of the centor of tho main charge; the ends of these rods pointed
toward the charge and were placed @o az te ba fnat outside tho bubble at the inptant
of the photograph (Figurcs 62 - (4). Knowing the distsnce Lotwsen the two ends, it
was possible to obtain an estimate of the optical distortion of the bubblo, The rods
were sufficlently long so that the shock wave in the rod hud not reached the far end
of the rod at the instant of tho photograph; henee, motion of the near end of the rod
could not occur up to the instant of the photopraph except by eldstic compression of
tho red, This smowiit is well under N.1 in. in 11 oases, The ends of the rods were
caleulatad from tho photoyraph to be.about 5% (2 to 8%) farthor apurt than they
actually were which indicaten that the dimmeter of the bubble must have heen magnified
by the shock wave by “this amourt,

The photogrupha are reproduced in Figpures 6L to 100, The 50, 100 and 200 micro=-
second serles are complete; the 10 mlersuecond geries is not cowplete, but the plctures
which are available for thals time interval are presented and also some other photographs
whieh are of interest although they do not fall into any of the four tine groups, The
data for each figurc appear on the page opposite the figure, and include lengtha of the
vertical and horizontal exes of the shock wave and bubble as determined from measure-
ments on the orlginal negatives and the lens equations. From previous optical tests
{Ses III, 5, d}, it 1o believed that tho shock wave axes thus dotermined sre accurate

to within one inch,

Each photograph is a double eoxposure dus to the relatively weak flash of 1light
given off by the maln charge before detonatlon of the flash charge, the camera ghutter
being open during the whole interval. This caus:s en image of the originul charge to
appear on tho film, .
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Figs. 74-8C




i8]

"y

o

*

Cooip wt bg ) fsizpuiAT 93-18 sBig
ru2 ao) I pajeuoysg
ca b




&-.8 364
uf $6-.8 3
O/ 1 TsleiuilhTl
PRLG fwoip 1 il .
Sul] - BL

a 5
pus I} D Ps,buc3]
<




buol

wme

66 bid

woip urghl e
A1 “sazpu b
pus Jdoy o umsr,uﬁ

13
3D b £alouc,3]




*uoT3I0}8TP TBCTRIC J0J Pe}oesIonup

9% €T L (*ut) sSupitem eTwes JO
ge3pe ep}SUT ueesqeq 8dt3LETQ

0°8 §°8 LY TB3UCZTIOH

30T ‘s 2°L TBOT3I0A
#(°up) Fex® eTqqnd

T°1¢ 8°9T £ 1T TBIUOSTION

8°1¢ 6°LT PR A TeOTII0A
(°ut) Fex® eABA JIOUF
961 16 0s ’ AOOUQ{Q UcT}EUOLeP JeqJE W ) PeIREIIY
98 113 78 *313

pue doj 37 peywEIolag )
SuoT *uT 2/T-€ ‘Ie6WEID ‘UT ¥/E-T ‘BIGPUTTAD

9z €T L . (*uT) sBupiIen 6TBOS JO
ge8pa epTSu} UseMleq eO0uB3ST(

9°8 9°9 £y e} 202 TI0K

0°ot 78 79 TEOTIIeA
*(*Uy) sexs® eTqqnd

g°0¢t 6T 6°8 %3002 I08

£°1e Loz L*0T TeoTa3eA
{*UF) 86xX5 SABM FOOUS
€61 Tt LE (008~7) WOTHBUOIEP I9F OWFY POIFALIST
€8 4] 12 ) 311

Jejued 1® pe3Buole(q
Fuor *uf Z/T-€ ‘I630WEIp ‘UL /-1 ‘SICPUTTLD

"oy GIMoIT 18 88id doF vred

15518

39



*UOTI03S TP TBOTIdo 10J pejoszIodup

92 €T L L (*ut) sSuryIEm eTuIs JO
3eSpe epIsUT UeeMjeq 9UBIFTA

L rAds oY - TE3UOZTIOH

g°et 8'6 9°6 - TROT3I0A
»(*Uy) saxs 8Tqqng

§°1E S'LT S°oT 7°e TB34H02 TI0H

L°€E 2roe - T - TeoT304
(*uT) SeX® eAsi Yd0US
e T0T s o1 ﬁonnaiu UCT}EROL6D J81JE SUT} PORUTLSY
€6 [43) T6 05 *313

pue doj 4® pejsucieq
PuoT *uy g/L-§ ‘JejewETP *UT 9T/L-T ‘SISPUTTAD

92 £T A (*97) sBupisEm e®0S JO ,
g53p0 OPJSUT USsM}eq eouBLET(Q

Z's LS vy TBIUCZTIOR

81T 01 £°6 TILOA
*ﬁ.nﬂu gsex® sTqqung

L°TE (138°) . 8'TT TB3UOZ TIOH

LogE T°12 §°sT R3304
(*uT) soxs ea®M Y00US
Lz Lot 19 (99847} UCTAEUOLOP I83F8 SWFR PEIEUTIEY
ég 88 L8 ol

J9qUed 18 Pe3ruoled

Buot *ut g/L-¢ ‘IejewsTp ‘uy 9T/L-T ‘8IepUITL)

26 USnodyy L8 “8IT14 <03 638(

15518

40



*uoTqI036TP T[BOT3d0 JOF PejOeII0ouUn
9e €T L (*ut) sSurirem eTBOS JO
gedps 9pTOUT TesM}Sq 8OUEIEIQ
T°9 (A 49 TBUCZTICH
't Gt 9*'1Tt TBOTIIBA
x(*uT) sexs sTAANE
£°62 6°7t 6°6 TBUOZTIOH
g°€e 9°0T 6°ST TeoT3I04
(*oT) sex® eABA X00US
861 6 99 ﬁoon\.\v UOT3EUO4Op JO4JE OWT POGENTYST
00T 66 26 9T
pus dog 38 pajsucieq
SuoT *up 6 ‘<ejemeip ‘u 8/1-T ‘8I6PUTTLD
92 £T L L (*ut) sBupydem sTE38 JO
. 99Zpe OpPISUT uUeomisq 20UBIST(J
6°9 (A L€ - Te3UoZTIOH
L et T°2T - TeoTHI88 |
#("UT) sexw® eTqqnyg
L6 ¢ gt 2°0T £°€ TBUCZTICH
9°e e 9°91 - TeaT3IeA
(*0T) sexw aamM YO0US
1074 oetT 09 1T Aomm\& uNT}EuIO}ep JI89J% OmT} POIEUTISY
L6 96 g6 Y6 ‘314

J3qued 3B peqBER03S(Q
BuoT ‘ut 6 ‘Iejewsp ‘U §/T-T ‘®ISPUTLLD

00T UsToXqs 76 84ty 103 v8Q

15518



D fo 01 through 104: Miscellaneous Photographs

Fig. 201 102
Cylinder; diameter (m.g 2-1/2 1-1/8 - -
length (in. 2-1/2 9

Detonated at cemter

Estimated time after detonation (Meec) 25 83
Shock wave axes (in.)
Verticsl 8.0 19.4
Horizontal 7.7 13.1
Bubble axes (in.) *
Vertical . 4.9 12.7
"Horigontal 5.4 4e2
Distance between inside edges
of scale markings (in.) 7 13
Fig. 103 © Fig. 104
Cylinder; diameter-(in.g 1-3/4. Flash photograrh following
length (in. 3-1/2.

detonation of Engign-Bickford
Detonated at top end.

pPrimacord.
Shock wave Just smerging from top. -

* pncorrected for optical distortion.

42 15518




pT—

Figs 101-104  Miscellaneous photographs




3.

Bacasuse of distortion occurring in repreduction, horlzontal and vertical scales are
provided in the photographs in the form of black .or white lines drawn on the prints. The
distances between the inside edges of the lines corresponds in the actual experiments to
7 in., in the 10 and 50 microsecond series pictures and the miscellaneous photographs,
to 13 in. in the 100 micrcsec. series and to 26 in. in the 200 microses. series.

The pieces of some of the longer oylindrical charges which had been broken in
handling were rejoined after fusion at the points of fracture. It 1s interesting to .
note that tho remelted parts are visible in the photographs. In many of the photographs,
twine, piecos of detonator wire, and part of the detonator itself are visible in addition
to the charge, bubble, and shock wave, !

The focal length of the camera lens was determined at two distances by photographing
a grid undscwater so that calculations based on the lens equations could be made. In so
doing, it was found that the lens used gave some "pincushion" distortion of rectangular
objects, dut this distortion is not sufficient to change the relative axial lengths by
an amount greater than 0.6 in,

Figure 105 shows the relation between bubble radius and shock wave radiuvs for 1/2
1b. spherical charges of cast pentolits., Since the time intervals for these shots can
be estimated from the positions of the shock waves, an approximate time scale is also
included.

Figure 106 indicates the rates at which the shock waves from the asymmetric
cylindrical charges approach a spherical shape.

Pregsure and time-constant measurements of shock wavep by ovntical digtortion.

Several photographic methods have been developed which allow caloulation of the ..
peak prescure of a shock wave, and for one of these methods the calculations have been
extended to make poseible an evaluation of the time constant of the shock wave. These
methods make use of the fact that light rays passing through a shock wave at favorable
angles are considerably distorted due to the inorease of refractive index in the region
of high pressure. A detailed theoretical discussion of these methods is to be found in
Appendix II.

(a) Spherical shocy wave; charge not on the optical axig: charge in grid plene., ==
The arrangement with which most of the work has been done involves placing a -

transparent lucite grid marked off with lines 1/4 in. apart in front of the
camera, and the shock-wave-producing charge off to one side and in the same

plane with the grid. (See Figure 133, Appendix II.) A flash charge is placed
behind the grid and is timed by means of primacord to go off when the shock wave:
from the main charge is crossing the grid. The results of both peak pressure and
time~-constant determinations from four shots using this method agree essentially
with UERL piezoelectric resulte for similar conditions.

(1) Ppe ) « Two of these four shots were made with 250 gm tetryl as
the main charge, and the photographs were taken when the shock wave radius
was about 15 in, One of these photographs is reproduced in Figure 107. The
theory (Appendix II.1) relates the amount of apparent displacement of an
individual intersection of grid lines with the average refractive index of
that section of the shock wave through which the corresponding light ray must
pass. This average refractive index is then converted to the corresponding
pressure, Paye Thig calculation is made for several griq intersocctions at
different rmtii, Plotting (on semi-log paper) log p,. against the corres-
ponding distances of the mid-points of the refracted‘f%ght rays behind the
shock front, (IRl - r,.), a straight line is obtained to within the pre-
cislon of measurement, Figure 108 is such a plot for a shock wave 14.9 in.
from a 250 gm tetryl charge, while Figs, 109 and 110 are the results of
measurements on two different prints of another shock wave 14.4 in. from
250 gm tetryl. The average deviations from the straight lines drawn' are
approximately 7%, 6%, and 3%, respectively. The peak pressure is assumed
to be tho extrapolation of this line to zero distance behind ‘the front. Any
errors introduced by ascumption that the calaulated Eﬂ!" correspond to the
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(1n.)

Bubble radius

(spherioal charge).

Approximate time scale (.. seo)
10 20 30 40 50 60 70 80 1m0 . M0 170 200
|
. [ o
4 i
s o = .
-
3 rta—
1l
8 3 4 o] 8 7 8 9 10 11 18 13 14 15 16 17
wee. Shook-wave readius (in,)
Tig, 105, Bubble radius vs, shock-wave radius for 4 1b cast penitolite

1.7p

el L T
aa JL 8:1 oylinders
$ 1.6
g3 N\
y e G
§ 4:1 cylinders \
¥ | 1.4 n
N\, . |
137 ™ TN il
2:1 cylinders \ \
12— ™S ——
N N G
1.1 e \i\ \\-
M [ —t—
1,0 [ bt
s & 5 6 7 8 9 110 1 1 13

A rininss eyl

8hook-wave radius of .spheriocal charge
after same time interval (units of charge radius)

¥ig. 106, Ratios of long exis to short axis of shock waves
from asymmetric oylinders va, shock-wave radius (in charge radii)
for spherical charge of same weight and after same time,
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Fig. 107  Typical example of optical distortion
photograph. Film 418- 250 gm tetryl at 149in




- before and one straight line was dra

(11)

roints of mean distance of the light rays behind the shock front should go
to zero in this limit. The peak pressure obtained from two prints of the
same shot (Figures 109 and 110) sgree to within 4.5% (17,200 and 18,000
1bs./in.2). Correcting the result from Figure 108 (p .y = 16,700 1be./in,2)
to a shock wave radius of 14.4 in.; using a distance exponent of 1,13, one
obtains a pressure of 17,400 lba./in.2, which sgrees with the average of
Figures 109 and 110 to within 1.5%.

This method of pesk pressure determination was also applied suscess-

fully to the other two shots, consisting of ca, the equivalant of oca,

36 gm TNT and using a shock wave redius of ca. 16 in. Measurements

wory made at several pairas of grid line interasections for esch

of the two films, The values of log p,, were plotted against (IRl - ry) as
W¥nrough the data from both £ilms,

aince the value of LR(, the shock wave radius, for the two films was identical,

Extrapolation of this line to IRl - rpy = 0 gave & value for pyay of 17,050

1bs,/in,2, This plot is given in Figure 111. The average deviation of the

pointe from the straight line im oca 5.5%, with no systematic difference

betweun the points for the two shots.

Iime-gonstantg. The resulis for the two torpex shots were also used for
calculation of time~-constants of the shock wave. Since the detailed
development of the theory, together with a sample calculation, is given
in Appendix IT, only the results will be reported here., In general, the
caloulations are considerably more tedious than for the peak pressures.

Five points were used in the calculations, two from one shot and three from
the other. The ones whose images wers the cleesrest, and thus the most
sccurately measured, were sslected, They were picked from the plot of
Figure 111 at diffsrent values of ((Rl - r_..) and at different deviationas
from the line. The results of the os.lculagons are shown in Table VI.

Table VI. Results in the evaluatiopn of time constant.

Film Xo. Point No. lﬂl(in-:)r&v (gﬁ.) r'(i;'I)Jr (et& soc)
536 22 0.61 1.15 14.76 39.1
537 5a 0.63 3.39 Lo 72 4.3 ‘
537 12 0.94 3.23 .11 39.6 :‘
536 8 0.97 3.68 14.03 43.8
537 18 1.13 3.C5 13.71 3R,
Avi Oy

It will be noted that there 1s no systematic trend of @4 with distance

of the

= 40.4 [sec, avarage deviation from mean = 1,7 /Maeo.

point selected for caloculation behind the shook fromt ( [RI ~ray).
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(»)

(¢)

(a)

(144) Swmary and remarks. As shown in Figure 111, the peak pressure of the shock
wave produced by oa.36) gan TNT at 16.0 in, is 17,050 1bs./in.2, The results
for both peak pressure and time constant are in escentlal agreement with
plezoelectric results obtained at UERL both for small bare charges and depth
bombs (scaled down). The agreement is within the mcouracy of either method
for these experimental conditions (ca 10%).

This experimental method has the disadvantage that the results obtained ars
rather sensitive to the geometry of the experiment, For example, to obtain
the desired accuracy for these shots, the point at which the line from the
camera lens, pespsndicular to the grid, intersected the grid had to be deter-
mined in the actial set-up to within 1/16 in. For this reason, a single
rigid frame had to be used to support the camera, the main charge, and the
grid. It has been demonstrated, however, that the method is satisfactory

if the experiment 1s carefully set up.

Further experiments in fresh water for comparison with those made in salt
water should be done,

Spherical shock wave; charge on the optie charge in d piane, ==

The theory for pesk proessure detarmination has been worked out for an expsrimental
arrangement similar to that of Section (a) except that now the charge is located
directly in front of the camera (fes Appendix II, 2). Figure 112 (Film 526)

shows a photograph obtainsed according to this methed.

Non-spherical shook wave: charge om the optical axisi charge in grid plane, ~-
The theory for peak pressure determination has also been worked out for an experi-
mental arrangement similer to that of Section 3(b) except that the shock wave
surface 1s not required to be spherical, but expressible only by some definite
equation of the form £(x, y, z) = O (See Appendix II, 3).

Spherioal shock wavej charge on the optical axisy charge in front of grid plans, --
Partly to inorease the amounts of distortion measured on the photograph, and thus

improve the precision of the measursments, and partly in en effort to find an
experimental arrangement in which less precision would be necess in setiting up
the apparatus, one photograph (reproduced in Figurs 113 (Film 531)) has been
taken in which the grid was mounted in back of the charge, as viewed from the
camera. Inspection of Figure 138 in Appendix II, 4 will ghow how the measured
distortion is increassed by allowing the refracted ray, (considered as projected
backwards) to traverse a greater distance than im the other experimental set-ups.
Another evident advantage of this arrangement is that at the time of the photo-
graph the shock wave need not have reached the grid, so that thera is no danger
of mechanioal distortion of the grid.

In this particular shot, the charge was 250 gm cast pentolite and was placed 51 in.
in front of the camera. The grid was positioned 8 in. bshind the charge, and a
flash charge 28 in. behind the grid., Since the charge and grid are at different
distances from the camera, both the shock wave and the grid cannot te in perfect
focus, but this 1s not likely to be trcoublesome if a reasonably small lens aperture

is used, .

Not enough work has been done using thls method to warrant a comparison with the
method deseribed in Swection III, 3, (a).
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4¢  Cylinder Damage 8/

{a)

{b)

(e)

(4)

Introductlon, ~- After some of the early UERL cxperiments on damage to cylindrical
targets by explosions, it bocame appsront that bubble presaure was contributing

to a conslderable extent to tho damage, Since bubble damage does not scale in

the same manner as shock-wave damapgoe and sineo the pgross damage is the rasult of
both bubbls and shiock wuve dumage, s preliminury siep In the interpretation of the
eylinder results is the soparation of shock wavo and bubblo pulno damage. The
oaslest vay to effect this separation ias by photography.

Stlll pictures. -- Preliminary still photographs taken hetween the time of impact
of the shock wnvo and tho first bubblo pulase showed that damage was by no means
complete compared with the final conditlon of the eylinder. Thess pictures, sone
of which are shown,in Figwres 114, 115, 116, were taken with a photoflash lamp

“"go that the act of photogruphing the cylindera doas not contribute to the damage.

°

Slow speed moviep. -- Som: motion pletures were then takeg with the Victor
camera of 3 simple, small cylindrical shells of the S typs _/.and one" supported
ceylinder - of the SA type being damaged by a 25 gm charge. These showed that ths
unsupported eylinder was practlcully undamaged until the time of the first bubble
pulse and was damaged by both the first and seocond pulses. The supported eylinder,
on the other hand, was damaped essentially completely by the shock wave.

High speed movies. -~- Still another serios of experiments was performed with SD
class cylinders at dapths of 200, 400 and 580 ft. The photographs were taken with
the Kastman high specd camera with #31 photoflash lamps for lighting. The
apparatus shorm in Figure 16 was used. A representative film i{s reproduced in
Filgure 117. It shows that the cylinder was relatively steble after it was damaged
by the shock wave but collapsed completsly soon after the bubble.pulse. This
sequence of events was not followed for clozer shotsa; in some of the latter,
instability resulted from shock wave damage. .

The sharpness of this series is duo to the unususl clarity of the Bahamas water
in which the pictures vere taken. The Secchl disk reading was about 135 ft.

A comple§7 description of the cylinder results will be given in a forthecoming
report. :

5. Miscellaneoug oxperimentsg

(a)

Mach effect, -- Three pilctures were taken of interseeting shock wages having o
poak pregsure ahout 700 times hydrostatic pressure (/L’9,SOO 1b./in. ). In twe

cases the Intersection was obtained by reflocting the shock wave from a 50 gm
tetryl charge off a 1/2 in. steel plate 12 in. away, and in the third case, by
the phock vwaves from two approprintcly placed S0 gm charges. (See Fipure 11%).

~*In all three shots, the charges were approximntely 12 in., from the point of inter-

section of tho shock wiaves. Tho resulting pletures nre Flgures 119, 1.0, and 121.
The angle of intersection of the shock waves shown is 64°, 71°, and 71° respective-
ly. The Mach effact nppears quite strongly in the last two cases. A fourth
picturo with an nngle of intersacction of 45° is presented for couparlson in Filgure
122, This sngle is outside .the Mach region and no Mach effect shows nlthough the
appenrance of .the shock waves 18 somewhat distorted due to refractive index dis-
continuity.

Shock wave from 300 1h, chamm, -- A sinpgle flash pleturo of the shock wnve from
a 300 1lb, charge was takon in the Buhamas at o distance of 65 ft., and is presented
in Figure 123 to show the possibilities for full acale photography in clear water.
Although lack of time prevented us from following up this promising lead, it ia

§/ These cylinders are desecribed in a report by J. C. Deciﬁs and P. M. Fye, Damape to
Thin Steel Cylindrical Shells by Underwnter Explosions, NDRC Report No, A-369,

OSRD No, 6247.
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(c)

()

obvious that good pictures can be taken under these circumstances. A large edition
of the conventional flash charge was used and the equipment, including flash charge,
depth charge and camera was strung out on a line supported by floats., The line was
stratched out by a small boat.,

Pressure of shock wave determined from shock wave velocity. -~ One measurement of

average shock wave velceity was ‘made by o double exposurae tachnique. Two flash

QrYUsdge oualia nAvyo sVAVVa vy mall oy = eELLLD LRLIADLLEC . LR L2AS

charges were employed and set off about 246 éézaec apart., It was lntended to
obtain this time difference accurately by meéns of piezoelectric gages strapped

to the two flash charges and recording on an oscilloscope. This part of the experi-
ment failed, and the time difference can be estimated only from the length of
primacord used to delay the second flash charge. Figure 124 shows the shock wave
at the two positions and a steel scale 15.66 in. long., The shock wave came from a
third charge to the left of the fisld of view. The average velocity determined
from this shot is about 5180 ft./sec., or about 270 ft./sec. greater than acoustioc
velocity for the conditions of the experiment. This corresponds to a pressure of
about 8,000 1bs./in.? averaged over the time interval, The average pressure over
this period as determined from piezgelectric gage measurements under similar
condi*Zriiz 15 about 11,000 1bs./in. ., Considering the inaccuracy of the time
interval measurement, this agreement seems satisfactory. It is to be noted that
since the excess velocity (over acoustic) determines the pressure of the shock
wave, the accuracy of the measurement of the total velocity must be conslderably
greater then the accuracy desired for the pressure to be determined.

Experiments showing that the apparent positions of the shock wave coincides
clogsely with its actual position., -- Three experiments have shown that, under
the conditions ordinarily employed at UERL, the position of an underweter shock
vave is within 1/2 in. of the positicn indicated by its flash photograph,

In one experiment plezo gages were used to obtain the time interval between the
time of the photographic flash and the time the shock wave reached a known radius.

" From the knovn velocity of the wave it was possible to calculate its true radius

at the time of the photograph and compare it with the value computed from the

. photographic image.

The 250 gm sphere of cast pentolite which produced the shock wave to be ‘photo-
graphed vas datonated simultaneously with the initiation of a 46 in, length of
primacord leading to the flash charpge. The time of the photogreph was thus about
185 /A.sec after the start of the shock wave. A small tourmaline gage fastened
to the shock wave charge served to turn on the oscillograph spot for a rotating
drun camera, while a similar gage on the flash charge signalled the time of the .
photograph. A third gage 17 1/4 in. from the shock wavb charge noted the arrival
of the shock wave at this radius. The diagram shows the arrangement used.
+=positions of piezo gauges Q %, ‘
Camera Flash

chorge
% R Chorgfs
l } . \ + / +
. 48"

' ,L: _ 13 -t e

Figure 125. tA

The radius at the time of the photograph was 14.7 # 0.2 in. as calculsted from
the positions of the gages and the measured time intervals. Values for the
velocity of sound were taken from "Tables of the Velocity of Sound in Pure Water
and Sea Vater for use in Echo Sounding and Sound Ranging" (Second Edition) by

D. J. Mathers. These were corrected for the effect of finite pressure in ths
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shock front by means of the data of Kirkwood and Montroll. 9/ Since the distance
between the shock wave and the plezo ga%e at pogition A was only 2,25 in. at the
instant of the photograph, thesc correctiona amount to less than 0.25 in.

4 sinilar experiment was carried out with the shock wave charge Just out of the
fiald of view and with a diffugion saraon hatwean tha flash charga and shock wava.

The vhole set-up, showm in the diagram below, -
_ Screen + = Positions of -

T Piszo Gauges
Camera + )
A

??0% .

31" . {1- ‘...uj
) 2 | ‘\ e - Flash Chargs
. T ey and Reflector

Charge
Figura 126

is similar to that used in this laboratory for cavitation studies, The resulting
photograph is shown in Fipure 129, From it one obtains a distance of 3.44 in.

from tho shock wave to the piezo gage as compared with a value of 3.36 in. calcu-
lated from the piezo records.,

A third experiment compared the image of the shock wave with the projeection of ite
shadow on a translucent screen. No plezo gages werc involved. Two translucent
paper screeng were put in the seme plane with the shock wave charge and perpendicu-
lar to tho line from the camera to the charpge, The chavge and acreens as viewed
from the camera ure sketched below:

NE
N & \\
\(}’\\ Charge 0\

NANEEENN
kls—.t;)izjls*l

The whole set-up 18 shown from the top in the io}lowing sketch:

Camera
o
D—/V’/

L—_,

Scresn

Figure 128

'2/ The_pregsure wave produced by an underwater exploaion 11, Julv Y, 942 2 by J. G,
Kirkwood and E, W. Montroll, OSRD Roport 670,
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The resulting picture is reproduced in Figure 130, The image of the shoeck wnve
sphere and tho image of the shadow projection of the shock wave sphere are seen
nearly to coincide. On the average, however, the radius of the shadow projsction
appears greater than the radius of the shock wave by an amount corresponding to
0.25 in. The geometry of the experiment would require a radius difference of
0.65 in. The digcrepancy iz within the limits of experimental error,

Luminosity of charges exploded underwater. -- It ls shown elsewhere in this report
See. I1I, 2) that bare charges of cast pentolite were observed to emit light when
detonated underwater. Photographs indicate thiz light to be of very short duration,
probably less than 1 Adsec, because of the detall vigible (numbers on the charges,
cracks, etc.) and hecallse there is no blurring. Foreseeing possible uses for this
flash of light (e.g., sccurately sipnalling at a distant point by means of a photo-

electric cel? the time at which a charge detonates), several tests were conducted
to determine if a cased charge would emit light on detonating underwater.

In all tests, the charge, wéighing from 1/2 to 1 1b,, was placed 5 ft. in front of
the camera and the lens aperture was set at £:3.5, A ghort plece of primacord,

. to be detonuted simultancously with the charge, was also Insluded in the field of

view to serve as a standard for compurison, eince primacord had been found to emit
light on detonating underwater (See Figure 104). All tests were conducted at night.

The results showed that a heavy opaque casing reduced the emitted light to the
extent that it was no longer detectable, For example, -a charge wrapped with black
rubber tape and detonated barely showsd on the film, and a charge enclosed in a
plece of steel pipe with pipe caps on the ends resulted in no image at all., Less
heavy casings, however, such as 1/16 in, thick brass tubing, tin cans, and black
lacquer resulted in veak but definite images of the charge and sometimes streamers
of light emanating from the churge, There was some indication that aluminlzed
explosives (torpex and minol) emitted more 1light than tetryl or pentolite under
the same conditions, but the evidence is insufTitient on this point.
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APFENDIX I

THEORY OF PRESSURE IN FRONT OF AR ATR-BACKED FREE PLATE
ACCELERATED BY & SHOCK WAVE

then a plane shock wave strikes a froc alr-bucked plate head on, the pressure in the
water in front of the plate flrst rises as the original wave passes through it, then rises
st111 further as the reflected shock wave returns from the plate. The pressure on the plate
causes it to begin to move and its motien reduces the pressure, sending out a rarefaction
wave, Consequently, the pressure out in front of the plate, after rising twice, then falls
and actually goes negative, provided that cavitation does not interfere, The pressure can
be caloulated under certeln simplifying assumptionsj namely, the plate is assumed to be made
of an infinitely rigid material, to be of infinite extent (but finite thickness), i.e., &
rigid body whose motion is restricted only by its inertis. I% 18 also assumed that cavita-
tion does not form and that acoustic (small emplitude) theory can be used,

The pressure ub # polnt x (weasured positively out into the water from the initial
position of the plate) and at & time i (measured from the time the original wave strikes
the plate) is the sum of three terms:

(1) The pressure dus to the original shock wave {assumed to be exponential

in shape)
t+ ¥
e
- S (1-1)
j 30 ) fort >-3,
(2) The pressure dus to the reflected wave
A
e . -
P, © Sy et > %, : (1-2)
(3) The rerefaction wave from the motion of the plate
- pou fort > % (1-3)
c - '

In the above, p, is the pesk pressure end @ the duration parameter of the
original wave,” m 1s,the mass per unit area and y the instantaneous
veloelty of the plate, ¢ the velocity of sound in water, and 2 the
density of water. By Newton's law the sum of these pressures (ecting at
x = 0) will give the plate a velocity.

2P (otfe - YR, (1-4)
n V) -1) . :
in which ﬁ = ﬂcQ/m. In ingerting this value of u in the expression
for the pressure”at x the proper value of the time to use is t=x/c because
of the propagation time, It 1s convenlent to measure pressure in terms of
Py» time in terme of §, and distance in terms of o83 i.e., P = p/p,, T = t/8,
= x/c8, Then the sum of the three terms becomes -

e-{T-x) + 2/3’l o= A(1-1) - (1-5)

P = o-(TH+E) . ?Ll
an equation valid oniy or T 2 X. Those considerations nuavurally hold
only. 80 long as cavitation does not take place.

Figure 131 showe some of the contour lines for P plotted against time T and distance
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£, both in reduccd unita, ﬂ = 83 in this case, representing a very light plaste, or a
charge of great duration. The cashed line represents the frort of the reflected wave. Below
it the pressure is positive due to the original shock wave., Above it the pressure is at first
positive and then falls steeply dom into a valley of negative pressure. Except for the dis-
continuous rise and steep fall near the front of tho reflected wave (X = T) the contours for
thie case closely approximate the case of a free surface.

Figuro 132 shows similar contours for /3 = 4, o heavier plate (or smaller: duretics), In
both canas it will en that the pressure falla to zero firat at the plate, in a finite
time T = -l)fa E . It reaches negative vlaues firat out in the water and oelow
a certain limiL:Lng negative vaelys the given contour never reaches the plate at all.

Assuming that the theory applies between the shock wave end the cavitation front, and
that cavitation ccours at p = O we get, on solving Equation (I=5 5) for the tine et -}‘ich the
pressure falls to 0 at reduced distance X,

. , /51
T:t/Qn-———l—1--[n 2 e . (18
A1 (pr1e - (g o
In Table 1I, the measured values of %(fartheat distance of cavitation from plate) are

substituted in Eq. (I-6) and the caltWlated values of T are compared with the times computed
from the position of the shock wave.,

In order to determine the radius of the cavitating region at the plate, it is necessary’
to take account of diffractlon,

A very rough treatmwent of the affect of the diffraction wave 1s as follows, The same
basic Eq. (I-1) can be usad to compute the time T at which the pressure in front of the plate
has fallen from 2p, to a value equal to that outside the plate, p{7T). For this purpose

= 0 (surafce of plate) and p/p, = a1 so .
[ 2/4 i " (1-7)

T = F—T—
Beginning at time’ _}:_ a pressure wave will apread inward from the edges becauss the pressure

in front of the plate 1s boing lowercd by its motlon. This pressurs wave will reach a radius
£ at time [1 + (R-r)/c] . If the pressure at g has fallen to zero before this time, it

- 13 postulated that cavitation will extend out to r, but if the diffractlon wave reached p
first then cavitation will not extend to p. Consequently, this theory predicts that the maxi-

mun redius of cavitation EQ. will be determined by the equation
Te BcB) -0 (1-8)

where Bz 1s the so-called cavitation time, 1.e., time for p to fall to zero at the front/ of'
the pl—%e If X =0 inBq. (I-6) t = 65 so

9 / / | (1-0)

Combining Eqs. (I-7), {I-8), and I-9),

R = H o= “09 ,./n’g*’]
C -1 2
or .
R=R
¢ = 1 B (1-10)

cl /6 =1
The latter equation expreeees‘the result in a dimonsionless form, in which the distance in from

the edge of the disk, R - Ry is measured in terms of the length unii ¢8. In the case of a
plate surrounded by en infinite rigid baffle, T= 0 and Eq, (I-10) becomes:
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Fig. 132, Presoure befors accelerated froee plete,

Contours for P'm= p/po V8e time and distance (= 4 =006/m),
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This is tho equation previously used eas a cavitation criterfon in comnectlon with the photo-
grephs of the UERL diaphragm gage which 1a a baffled gage.
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APTENDIX II

THEORY OF PEAK PRESSURE AND TIME CONSTANT DETERMINATION FOR SHOCK WAVES
BY THE METHOD OF OPTICAL DISTORTION

A theory has been developed for seversl seic of experiments) conditions designed to
measure the peak pressurs of shock waves by the method of optical distortion, For ona of
these experimental arrangements (1 below), a method has also been developed for calculating
the time constant. Since this arrangement hes had considerable succeas experimentally, it
will be discussed in detail.

1. Grid in plane of genter of charge; charge off to the side; spherical shock wave

To study the distortion of light rays passing through the ‘high pressure region
behind the shock, an experimental arrsngement as diagrammed in Figurs 133 was used and
the theory developed 1s based on these experimental aaonditions, E 1s the charge producing
the shock wawe 5 to be studied, C is the camera lens, F is a flash charge and G is a
lucite sheet marked off in a wnmiform grid of 1/4 in. opacing. The grid is so placed
that the grid lines interssct the shock wave diagonally in the portion of the shock
studied. Two typical intersecting lines are shown in the front view.in Figure 133. Thse
cherge was placed in the plane of the grid, and the line perpendicular to the grid.
pacsing through the center of the camera lens interseeted the grid a short distance
behind the ahock approxinately 5% of the radius. .

In the system of Carteslan coordinuuuu ghown in Figure 133 the position of ths
center of the camera lens is defined at (x,, ¥, %,). On the assumption that the grid
acts as a source of diffuse 11lumination, a ray whose reverse:path is the vector,
ﬁ from the camera to the skock front 1s considered, The Intevsection of this ray with
the shock front is defined ae (x,y,z). If there were no distortion, the ray would con-
tinue along the lins £ N and strike the grid at (xv, 0, z"), but actunlly the ray follows
gome curved path P determined by the decay characteristics of the shock and strikes the
grid at the point (x', 0,2z').  Xnowing the uctual distance from the .charge to a uniquely
defined point on the grid, one obtains the radius of the shock wave from the photographie
print by reference to this point after the scale factor of the print is determined from
the undistorted part of the prid. Tho coordinates of the camera are also obtained by
reference to this point. On tho photographic print, the points (x", 0, z"), and
(x', 0, z') may bo located, the latter beinr shtained by extending {inés from the un-
distorted part of the grid until they intersect hehind the shook, .

(a) Psak prepsure dete:giggtiog. -- As a firet approximation, sn average pressure may
be caloulated by assuming a step shuck wave, that 1s, a constant pressurs behind
the front. Vith thls approximation the curve P is replaced by the vector N
(Figure 133) from (x,y,z) to (x',0,2!), and the siep pressure calcuiated 1s, to
this approximation, the pressure 1n the decaying wave on the spherical surface
centered at E and passing through a point on P at which the tangent ot P-ig parallel
to H. e define thie index of refraction or preesure for a given interssction of
grid linag ao Ngy © Eax’ respcctivcly

A very eimple derivation of the index of rafraction _corresponding to this
average pressure ag a function of the distortion vector D (the vector from
(x",O z"? to (x',0,2') for the piven ray M,) and tho geometry of the experiment
ca.n e givnn in +hn aystam of aoordindgtag r]jAﬂn.nmd ahova. We ares given

yb,zo) (x",0 z“), (x',0,2') and R , the radius of the shock wave. The
pogn ,y,z) is readily oﬁtained ag the intersection of the line joining
{xo,yc,zo) and (x",o %"} with the sphere of radius [RI ,

The following vectors are defined,

; = xi+y) ¥ zk,

=l

= (xmxo) 1+ {y=y ) I+ (z-2, ),
W= (x"-x)i+(0~y)j+(z"-;)k,
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Fig, 133, Experimental arrangement for optical distortion study,
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i (x‘-x)i+(0-y)’+tzl~z}k’ {11-1)
Bel W= (xl-xll)j_+ (Z'-Z“)k
= DyditDyk,

The magnitude of all vectors and distances is to be taken in units of {R} , ’
i.e., |pl "= 1. )

Conaider the following cfoas-produc% relations.

.

[

gl

=q sin 6, ) n (11-2)

=3 sin 6, }

" whero q is a unit veector porpendicular to the plane which contains M, p, N and

"D and @ and @7 are the anglas of incidence and .refraction respectively in this
plane. This is not necessarily the plane shown in the top view in Figurs 133.
Avplying Suell's Law,

ain 6 n,. "l),
sin Ot TN

vhere n,y is the index of refraction corresponding to the average pressure p v,
and n, is the index of refraction of seu water at zero pressure, we obtain the
relatgon, -

- IRs (11-3)
From the last of (Eqe. II-1), '

Dxp . BB - —(Bp) , (11-4)

¢ ) IN Nl INI

or uging (Eq. II-3), - .
Dxp = N I - Ml) D, 11-5)
xp lJill (V l{.ﬁ_ Wxp (11-5

which may be written,

’) (25y~y02) = Dy,

EE

P Rl

o g
]

D)

=

(11-51)
nt - __,l’ml) g D
M| Ni (yox-xoy) ¥

or,

1_-m Dy + Lo
pooM TGy Ty A (NI (17-5")
Lo _I_M_(. ny + Ml 7
VoW (yox-xey) (NT

The distances (Ml , Nl and £IM/ can be resdily obtained from the coordinates
(x,¥,2), (%0,¥0,%0)s (x',0,2"), and (x",0,2"). Although two values of the index of
refruction can be ohtailned from each distortion, they are not independent, and in
- general because of the coordinnies chogen and the experimental arrangment used D,
vag too small to bo measurcd.

Given EZ from the above and n, for sca water, P, can be obtulned by
upplying the relationship betwecn The index of rofra®tion and pressure for water.

This relationship is discusscd later.
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Since the computational method outlined ahove ls somewhat lengthy, a more
direct methed, agaln assuming a step shoek but taking advantage of the planar nature
ot the problem, was usad in the actual calculations, The determiration of the
optical plane®, that conteining M, p, N, D, E and ¢, ia very simple when the charge
is in the plane of the grid, for, in +his cuae, the intercept of the optical plane
in the plane of the yrid containe D and E. XKnowing the projection of the camera on
the 1line containing D and E, and the perpendicular distance d of the camera from 1t,
the optical plane is determined and can be represented as in Figure 134. The
distance IRl to which all other dimensions are referred is obtained as described
above. r! and D, are obtained directly from the print as above, whereas d and s
are obtalned i‘rom the known position of the camera relative to the grid. To derive
the index of refraction from the distortion of the ray M in terms of these measure~-
ments using the symbols shovm in Fi;'urc 134 the following relations are used,

tan § = '_ s (11-6)

w08 (o) =xtcooB (11-7)

Then using the law of coslnes,
At = reeroart con 4, (11-8)

It can be shown, using the law of sinos, that

tan & = 7 7 005/3 (11-9)

1
?lu/ ~ ot
On applying Snell's Law,
- sin @ . ging (1I-10)
V “eln © sin (9-27 ’

n -1 in © -]
;)-ln Dav-To . 8 [‘5'0%75 1 +cosOt&nJ (11-11)

N sin 8 - cos © tan d

where 6 = 90° - (ﬁg —/6)

Iu urder wu cunveri ngy to pgy, data on the pressure coefficients of index
of refraction for wuter are requirad,

Duta were avallable for fresh water, and were assumed to hold for salt vater
ag well. Thie assumption is felt to be valid to within a few percent as is
indicated by some preliminary caleulations. In Table VII the available data on
the coefficients a and b in the equation,

n(p) - n, = ap - bp2 , _ (11-12)

are glven together with the source of the data. For the caleulations of Pay
concorning a specific point, Eq. (II-12), of course, becomes

- = g - 2
Nov ™ %o ™= 8 Pay = b Pay”s

The. type of fllm used in the experiments studled wea Gontrast Process Ortho,
which is sensitive in a narrow range of wave length centered around ca. 4800 A,U.
In order, then, to correct ngy to pgy 1t 1s necessary to obtain adisbatic values of
a and b for a wave length of 4800 A.U. and for the propcr temperature, The iso-
thermal value of a was taken from'tho.date Rontgen and Zehnder for a wave length
of 5890 A.U. and the proper temperature for thc given experiment. It was then
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corrected for wave length from the data for verious wave lengths of R8ntgen and
Zohnder, assuming the diffurence due to wave length is indepsndent of temperaturs.
It was then corrected to the adlabatic coefficlent from the data of Raman and
Venkateranan, aspuming sgain that the difference betwsen the isothermal and adie-
batic a is independent of temperature. The value of b was taken directly from the
igsothermal date of Poindexter and Rosen by interpolating for the proper wave length.
It was assumed independent of tempersture, The error in b can be of the order of
30% and still make an error of only ca, 3% in the calculation of the pressure in

the range of pressure stulied (ca. 17,000 1b/in.?).

Table VII Coefficients a and b in
n{p] - n, = _ap ~bp2 for Pure Viater

t (°C)  Wave Length a x 100 b x 100 Type of Source
(A.U.) (per atm.) {per atm.?) Presaure Change of Date*
-0.78 5890 ©T16.91 - Isothermal - R and Z
0.06 " 16.87 - " LI
0.42 " 16,78 - n u
1.08 n 16,68 T " n
2,62 n 16.51 - n n
2,67 n 16,52 - " "
2.92 n 16.48 - n "
3,10 n 16,44 - n .
495 nooee 16,26 - " n
8.95 no . 15.87 - n n
9,00 o 15,91 - " n
13.05 " 15.56 - " n
13.28 u 15.56 - n n
17.83 " 15.26 - n n
18.01 " 15.26 - ® n
18.03 " 15.25 - n n
23.27 5 14.97 - ' = ’
23.1 n 14,98 - R and V
18.0 4861 15,40 - . R and 2
18.0 6807 15.16 - - n "
25.0 4360 14.65 002700 ## ¥ "
25,0 5460 14475 .003132 " "
25.0 5790 1. 56 .002990 - " "
23.1 5890 14,66 - Adiabatic Rand V

* Rand Z - VY. C. Réntgen, and L. Zehnder, Ann.d. Physik (Wied.} 44, 24-51 (1891)

(1ow pressure study). —

R and V - Sir Venkata Raman, F.R.5., and K,S. Venkataraman, Proc. R'oy, Soc, {London),

L71A, 137 (1939) (low pressure study)e

P and R - ®, E, Poindexter and J. S. Rosen, Phys. Rev. (2), 45, 760(a) (1934)

__ (pressures up to k800 kg/om?).

#** This datum seems out of line with the rest,

The peek-pressure of the shock wave was then paleulated from several values of Pav
in the following manner. The assumption was made that pgy calculated from a given
intersection of grid linos with a given value of »r' was the pressure existing in

the decayling spherical shock on a spherical surface of radius
,_ r_ = [RI + (r7 -Dp)

av
< ]
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the average radius vecior for the veetov Fi. - uan ihen plotted agoinat JRl - ¢
(see Figuros 108, 109, 110 and 111) on semi-tog papev.  Vilbhin experimental scattdd
the points f&ll on a straight lino which was extrapolated to |Rl - rgy =0,
that i3, to the shoek front, The presnure at this point wan taken to be the peak

, pressure of tho shock wave. The error in the asgumption as to what valus of r,, the
value of p, applies should go to zoro i the limit, &l = rgy = O,

(1) Techpique of Mensurement. Bafore the shot, tho perpendiculer distance frum
the camera lens to the grid wns measured. A cross was marked on the luclte
grid at the foot of this perpendicular, and the distance s (Figure 134) wap
measured from the center of the charge to the cross. An additlonal cross 10/
was marked on the lucite grid on the extension of the line joining the charge
and the first cross about 4 in. (measured accurately) beyond the first cross.
This second cross was placed so as to be aheed of the shock wave, and thus to
appear undistorted in the final pieture, It was from this measurement from
‘the charge to the mecond c¢roes that the radius of the shock wave was deter-
mined on the final photopraph. The illumination was provided by a flash charge
for which tho firing was dclayed by means of primacord from tha firing of tha
charge which produced the shock wave to be studled.

The measurements were taken from prints of the original photograph. With a
.scale factor for the print detormined from the undigtorted part of the grid,
ths charge position was determined from the experimental mesgurements refer-
red to the crosses marked on the grid, By use of this as a center, the shock
front was drawn in on the print as s cirslas zhose radius was such that it
passed through the bresks in the lincs of the undistorted and distorted parts
of the grid. Several of the undistorted lines were cxtended behind the shock
front, piving intersectiona which are called "actual® intersections to which
correspond the "apparent" interscctions seen behind the shock. There was no
‘diffioculty in asaigning sny givin actual intersection to an apparent inter-
section. Through each pair of interssctions a radial line was drawn from the
charge position, and was extended to intersect the shock front. This is the
intercapt of the optical plane in the plane of the grid. The distances !
and Dr (Fipure 134§ can he measured directly .on this line. R , the radius
of the shock front, wus obtained on the print by reference 1o the crosses
marked on the lucite grid. The distance d is obtained by measuring the
parpendiculer distance from the crosg to the interernt Tine and naing thie
wessurement topather with the experimanlel mengorement of ihe distance from
the camera lens to the lucite grid,

(v) Cnlculation Prozedure for Time Constant (Exponential Decay Conatant with Distance
Behind Front). The path of a ray of light in a non-homogensous medium has bocn
trected very thoroughly by Richard Gans (gec e.¢. Handbuch der Experimental
Physik, Volume 19, p. 341 ff. and Amn 4 Physik (4), 47, 709 (191§§ ). From his
derivatlion based on Snell's law (see reference to Handbuch der Experimental Physik)
for & medium in which the index of refraction 1a a function only of r, the radius
in plane polsr coordinates, the following differentlal equation is obtrnined for the
path of a ray of light:

{Rl sin 1 dr
df = R ° 3 } (T1-)3)

r V&E;Q - nR2 lR\2 ain® i,

vhere £ 1s the polar angle, IRl is the radlius of the shock front, r is the length
of the radius vector to any point on the path, 1 is tho angle made by the ray of
light und the radius vector to the point, » = \Rl , # = O (see Fig. 134). ¢ io
measured clockwisc from the point of entry into the shock wave of the reverse
vector W (Fig. 134} for the ruy of liphi studied. In Fig, 134 ' , the polar angle
at the prid, is shown. R js the index of yefraction at r = {Rl7, and n is the
index of refraction at re

lg/ The second eross is not nocessary if tho position of the first cross 1s corrected for
optical distortion,
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The method used in de termining the time constant of the shock wave war to
express n a8 a function of r in terms of the parameters of an assumed exponential
shock wave (exponential. with distance behind the fronmt), the peak presaure and time
constant., This may bc done by writing p in Eg, (II-12) as a function of T,

(IEl - 7)

PEP__ e °r_ , (11-14)

rax
where @, im expressed in units of length.
Substituting p from Eq, (I¥-14) into Eq. (II-12) gives

(IRl - x) _2{W -7)

e 0(p) =g sEp @ T TGS - bp2, o e »  (1I-15)

where n, (the index of refraction at zero pressurs), a, and b are functions of the
temperaturs for a given type of film, and p_.. is the peak pressurs for the given
shot as determined by the method outlined in s Appendix I ag

This funotion of r is then substituted for n in Eq. (II-13). In Eq. (II-13)
ng is obtained from Bq. (II-15) by putting r = {R|,

(II-13) 1s a funotion of the given ray of light on a given film, that is,
of tho nair of intersootions (apparent and actual) of the pair of grid lines studled,
because of the expliclt presence of the angle 1,, This is obtained for each pair
of interseotions by the following equation:

gin 1

o= Do ' , (I1-16)
ain @ ng

where the angle 6 (Fig. 1343 18 obtained for the given point (that is, for the
given palr of intersections) in tha calculation procedure for P,y for that point,

Thua 2ll the parameters of Eq, (II~13) are determined except ©,., Some general
discussion of this equation is felt to be necessary. A statement o§ Snell's Law
for spherical symmetry, in which cuse the path of a given ray of light, as was dis-
cussed previocusly, lies in a great clrcle, 1s given by the following:

np|Risin 1, = nr 8in 1 = G, (11-17)

where 1 is the angle made by the path of light and the radius vector r to a given
point on the path, and n 18 the index of roefraction at ra for some given & in
Eq. (II-15). Then in Eq. (II-13) the denominator vanishes at the point of total
reflection, thet 1s, at the point where sin i = 1,

The right hand side of Eq, (II-13), from physical arguments, has a finite
integral from r = R} to r = rpy, - € where,

in A(Tp1n-6p) = np (Rl sin 45 . _ (11-18)
By making € sufficilently small, the integration cam be carried up to within an
infinitesimel distance from rpj,. Then since the path of light is symmetrical
‘about the radius vector of length rniy, the whole path is known from the point °
of entry into the shock wave to the point of exit from the shock wave.
The first step in the calculation of @, 18 to determine Or,min where

{r* « DuY.n(r! = Dr,0r,nin) = ngfRlein 1. {11-19)"

Phyaica]ly 6 min. "1s the lowest value of the sxponential decay constant which will

allow the givén ray of 1ight studled to get as far into the shock wave as the point
at which it is observed to strike the lucite grid, that is, at r = r! - D (Fig. 134).
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(c).

i
1‘(T"Dr;°r)'}
/|

The procedure, then, for detormining 9. for a given point on a gilven film is
to choose several valuos of Gr (4] and Yo caleculste y‘P(r'—Dr Or) by numericel
»

integration. Tymin

r¥ e Dy nR\RIsin io dr

’ (I1-13a)

Alrt - Dr, 9} = 2

JIrl
where n i given as o function of 6, and r in Eq, (II-15). ¢ 1a then plotted against

rVn2 2 - nRlel2 sin® i

and r in Eg. (II-15). 4 is then plotted against 8. at the value of r! - DngQpeg:M“ N

0,

m{ned by the point studled. g can easily bs sho™. by physical arguments or .
mathematical considerations i6 he a monotonically decreasing functiod of €., The
value of. @ giving a value of § = gy (Fig. 134),-that ia, that value of § obtained in
the course of the caleulation of p , for the given point, is taken as the correct
value of 8, for the shock wave as deternined by that point. If no valus of @, O, 4n
gives a value of ¢ ap large as dg, the ray of light studied is assumed to have paabe
through the point of total reflecticn after it left the diffuse 1light source, tho
lucite grid. In this case (Eq. II-13a) must be replaced by

r;min +° . /%l-nr
nR)R]sin 10 dr

. 7 dp\Rl sin 4, dr
Al T ":2!-2-nn2|a! 2510”1,

a'r ner%-no IRI© Hiﬁzlo (TT-13b).

-+

Thin +

Again the integration is carried cut numerically. In the numerical integration ,
nedr Thins the intervals chosen must, of oourse, be very small, Again a plot of g

.8, 6, 1g made, and @, i1s then determined for the glven pcint =s that value which

gives a £ = ﬁg for that point.

Valusa of 6,, are calculated for several points on a given film. The tacit
assumption has been made that 8, can be a function of the value of r! - D, for ths

‘point for which it im calculatod. The conversion of this exponential decay constant

with distance behind the shock front, to an oxponential decay constant with time
behind the fromt i discuesed below, ’

Caleulation Procedure for Time Constant (Exponcntial Decay Congtant with Time
Bshind Fropt)., In the converslon of 6r to @4, the exponentlal parameter in
-t -
. 9
'pp.n. (8] = Ppoy © ' : (11-20)

84 is mssumed constunt, but the posaibility is admitted of depsndence of €, on
the value of r! - Dy for the point for which-6, io calculated. p, p(t) 18 the
pressure that would heve been recorded by a plezoelectric gage at time t after
the passing of the shock front of peak preusure P P (r) is the presaure
at t = 0 and at u distance { [Rl = r) hehind the Bhock T#8At of pressure p_,. and

radius |Rl, That is, : .
(IR[ - x)

8

: II-21
po;D‘ (I') 'l' p'lﬂﬂxe‘ ( ' }

can be g function of r if it is neceseary to mako Fqus, {II-20) and (II-21)}
compatibla, .

The assumption 1s made that @4 changes very iittle withiRlover distances of
length of the order of 8y, Undor this assumption, the decay of p, .. with {Ri wixl
follow ths same law ua the decay of p(r) (where r = (Rl « C and where C is a
congtant distance of the order of magnitude of Qr) with R. That 1e, since for &
glven welight of some explosive,
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\ / .
Prax(IM ) Bl ) 12
i,y \¥ ) (11-22)

where Xw 1 is a function of the kind of explosive, then

PpE (8) o .)oc C (11-23)
Pop, )\ ’

where the relation R} -r = ct exists, in which ¢ ib assumed to be a constant,
ca.0,0645 in.//asac, for the pressures sturdled.

Elimination of p (t) and p (r) among Egs, (II-20), (1I-21) and

(I1-22) and rearrangigéE.leads to 0.D.

t 3

1 + e An IR
& IR} -r T

(11-24)

The value of v in Po (r) is taken for a given point which resulted in a
given @, as r! - D, #B8 that point. The valuo of OX is obtained from pilezo-
electric measurements at various values of [Rl and W (weight of explosive),
that is, from a peak-pressure similarity curve for a given explosive. It can
be taken as unity vith little resulting ercor in 84, It 18 found by solving
Eq. (II-23) for 8, that the dependence of 8y on r for a given 8y is not great.

An alternative mothod of deriving an equation to convert 8y into 8¢ which

is in essential numerical agreement with Eq. (II-24) has besn ruggested by
_Profeseor J, G. Kirkwood, Here 6, and 6 are defined only at the shock front as

= b 0
Jé_r_. (_‘LEEEL;),O for r = |R| (11-25)

and '

%;" = (%%—Lj for r = |R| at t = O, (11-26)

r
If the logarithmic peak pressure vs, distance curve has a derivative d log Pnex _,
then, exustly, d R
d log p . d1oe o + & 3108_}) -
a (Rl é R = | Uat r-27)
-
o= ’R’ rao ,R[

where ¢ 1a the shock-front véloclty at peak pressure ppax. By using Egs,
. {17~25) and (II-26) and resrranging, Eq. (II-27) becomes

P 1 (11-28)
1 .9 19 Prax
6n d IrR]
For a given weight of explosive,

5 »

Ppax © ~RT _ | {11-29)

where P i8 a conctant depending on the weipght and kind of explosive, Then,
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(d)

X - bt ) (II'BO)
a |rl R
and thus, o : o -
gt = % 1 v . (II'Bl)
+ = o .
[Rl

Thi.s latter-treatment is a more direct approach, but in neither case is the
variation of 64 with. {R}. stated. This ia not an important factor however, Egs..
(II-EA) and {II-31)} are very nearly equivalent numerically, and in the applications .
Bie (;;-2&) w11l be usad, . R

Fossible Errors. The most apparent source of error in this method of measuring
peak pressure and time constant is the possibility of mechanicel distortion of

the lucite grid by the impact of the shock .wave. Preliminary measurements on the
velocity of sound in lucite indicate a value of approximately 6.0 ft./msec, Thus
the shock wave started at the center of the edge of the lucite grid travels faster
in the lucite than the shock wave in the water, and the possibility for mechanicel
distortion of the luclte grid at the time of the photograph is increased.

Measurements on the photographs of the two shots reported in Sec, III, 3, a
indicate that such mechanical distortion ad well as lens distortion is very small,
however., If the grid lines ahead of the shock are extended far behind the shock
front, they coincide within drawing errors, with the apparent position of the grid
lines in this region of "zero" optical distortion. Since the "direction™ of the
displacement due to optical distortion is the same as that due to mechanical —> 7
distortion, that is, awey from the charge, this result indicates a very smdll
mechanical distortion. Also the fact that the cdye of the lucite grid tovards the
charge appesrs as a straight line in the shot photographs indicates no mechanical
dictortion of the lucite grid in the interval between the time of. impact of the
edge of thq grid and the time of the photograph. It should be mentioned that ‘the
curved contour at. the left of the grid photograph (Fig. 107} is not the edge of
the grid, but rnther the cdge of a paper diffusion screen behind the grid. The edge
of the grid is trz line in which the:diagonal grid lines terminate. Although there
may be some slipht curvature to this line in the photograph published, the line on
the original print from which this print was made 18 as close to a straight line as
is measurable. Thus mechanical or lens distortion is felt to have little effect on
the results obtained by the optical-distortion method,

Another source of ervor is in using the index of refraction-pressure coefficient
measured in fresh water for the studies of pressure and time constant in salt®water..
Preliminary calculations based on tho assumption that the difference in the index of

_refractlion between fresh and salt water at high presqure i1s the same as it would be

at zero pressure but at the concentration of salt per unit volume that the water

would have at the high pressure have been made. These calculations indicate that

the error involved in the zssumption that the index of refraction-pressure coefficlent
1s independent of the salinity is of the order of 2,5%, The direction of this error
is such as to make the calculated pressure too great. The ‘data necessary for these
calculations on the cffect of salinity are from a report by E. A Broquy and J. Ms
Scherschewer (Z, Phys. Chem., B, 23, 412 (1933)). .

The possibility of error in the assumption that Snell's Law of Refraction holds
1n » non-homopgeneous medium also deserves some consideration, Gans {(Ann. d. Phys,
{4}, 47, 709 {1915}) studies in detail the case of ri¢fraction, of a linearly-polsrized .
light wave in.a non-homogeneous —edium by use of the electromagnetic-field equations,
He assumes that B = Vé; s hore n is the index of refraction of the medium and &

15 the dielectric’ cons+ant. This relatlon, of course, does not hold for water., le
shows that under these assumptions Snell's Law holds over most of the light path, but
very near the point of %otal reflection the ray of light deviates from the path :
predicted by Snell's Law and underpgocs an angular discontinuity, Yknick", at the
point of total reflection, A short distance beyond the point of total reflection,

the path ngaln coincides with the path ?redicted by Sncll's Law,
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It is felt that this devistion from Snell's Law is not important for the case
of non-polarizod light in water. However, in order to make a quantitative statement
a6 to the amount of possible error, a further analysis would have to be made.

An experimontal argument for the assumption that this deviation from Snell's
Lawv 1s not important for the case of the shock-wave study in water is that, in
several calculations of the time constant based on rays of light which are observed
to strike the lucite grid at varyling distances from the point of total reflectlon,
no systematic trend can be detected with the distance of the point of observation
from the point of total reflection.

Sample celculation of time-constant, -+ As an example of the time-constant
caloulation, the data for Point 22, Film 536 (Fig., 111) will be developed.

The first step 1s to obtain n as a function of r for a piven film. The data
necessary for this are given in Table VIII which shows data from f£ilm No.'!s 536
and 537 for comparison.

Table VIII Congtants Necessary for Eg, 1II~15)

Filn 536 Film 537

Kind of Film 7 Contrast Procegs Ortho Contrust Process Ortho
Temporature 21.3° g. - 17.1° C, -

a 14.94 x 10-6 per atmos- 15.18 x 10~% per atmos-

phere phere

b 001578 x 1076 por atm.2 001578 x 1076 per stm.?

ng : 1,3435 1.3444

[r] . 15,97 in. 15,99 in,

Poax 17,050 1b/in® = 1,160 atm. 17,050 1b/in® = 1,160 atn

When the proper valuss of ng, &, b, and pyuy fron Table VIII for Film 536 are
pubstituted in Eq. {II-15) it becomes

o = 1.3435 + 0173284 e :ﬁ%iiz~ - 00212286 e -2 %5? ‘11-32)

where <)
% = Y oard z!’ _....I... i .
IRl - i R{
gince throughout all celculations, measurements in unita of [R{ were used,
Then, since for any pair of Intersections,

sin 1, n

o
— B
gln @ g

from Eq, (1I-16) np sin 1, = n, sin @, The value of n, s lmown for a given film
(Table VIII) and sin @ was found for each point in tho ealculation for p,ie - Thug,

for Film 536, Pt. 22, ng sin 14 = n, sin 6 = (1.3435)(s93154} = 1.25152,

Substituting for n und for np sin i, the valucs obtained in the preceding
paragrephs, one obtaina the diffcrential equation of the path of the ray of light
considered at point 22, .
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af = VY 7
- /1- — - 2(1-x
(/ x f 5 , (1I-33)

2| 1.3435 - 0.0173284 . . -0.00212286 . - (1.25124)

wl

This equation is thon integrated numerically by use of Grogory's formula (see o.g.
the Mathematics of Physica and Chemistry Ly Margenau and Murphy, D. van Nostrand Co.,
1943, p. 459) from E

r'-Dr
x=1tox=.. == 0.92429

IRl
{for the point) for several valusa of U greater than

o
Tmin 51835, -

IRI

The results of these integrations are glven in Table IX.

Table IX Results of » 4 pa a Funciion of .
: Value of gy as Obtained in Salculation for ppy is
0.4078 Radisng (Point 22. Film 536).
¥ | 4
(redious

0.184 0.3813

.195 +367L

.230 . 3528

The data in this table indicate that there 1s no value of 7“ that will give a
value of g as groat as f#,. Thus, it is assumed that the ray of light consldered
for this point has gone Through the point of totel reflection after loaving the
diffuse source of light, the lueile grid. For each of the three values of s
then, the value of rpjy, was culeulated (Eq, {II-18)), and the numerical iptegration
of Eq. (II-33) was carried out in two steps, first, from x = 1 up to x = -un + €
and then up *o ¥ = 0,92429, The results of these inteprations beyond the

point of total reflection ars given as a function of ¥~ in Table X.

Tublo X Renults of Intepration for # Beyond Point of Total Reflection.
Value of dg aa Obtninaed in Calculation for Pay 18 0.4078

radians (Point 22, Film 536),

. a g .
0.184, 0.3907
,195 L4061
V230 <4232

A plot of these results 1s given in Fig, 135, from vhich tho value of 7" to give
ag e ,{g = 0,4078 radian is found to be 0.197.

Since the value of [Rl for this shot, Film 536, wan 15.97 in., 8p is obtained
a3 0.197 x 15.97 = 3.15 in,

To converd this to & value of O, usc is made of Eu. (11-24), whore ¢ is token
us 0.0645 in. /&d8ac., o is taken ua 1.23, IR| 1s taken as 15,97
in,, and r is the valuc of r' = Dp for Point 22, Film 536 (=0.92429 x 15.97 = 14.76
1n.$. This leads to a valuo of 6y = 39.1/1[500.
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2.

" following equations:

Tsble XI Results in the evuluation of tims constant

Pilm No, Point No. R{ -r; r! - Dp 8
l(1n. v (?ﬁ-) (in.) | (léfaec)
536 22 0.61 3.15 14.76 39,1
537 $a 0,63 3.39 14.72 Ll.3
537 12 0.9, 3.23 14.11 39.6
536 8 0.97 ° 3.68 14.03 43.8
537 18 1,13 3.09 13.71 3

Av. 0y=40.4 /asec, average deviation from mean = k1.7 & sec.,

" It will be noted that there .1 no systematlic itrend of 8y with distance of
the point selected for calculation behind the shock front ( |B| = r.).

Grid in same plane with charge; charge direetly in front of camara; spherical shock wave

If tho exporimental set-up 3s such that the plane of the grid is perpendicular to
the opticel axis of the camera witk the genter of the charpe at this point of inter-
section, then the peoak pressure of the shock wave may be calculated es follows: Refer=
ring to Fig. 136, C 1s the position of the camera; S 1s the shock wave; O 1s the charge;
0G 1s the grid (perpendicular to the plane of the paper}; R 1s tho point at which the
glven light ray passes through the shock front; r and r' are the true and apparent
points of interseetion of a pair of grid lines, respectively. A construction line is
drawn from 0 perpendicular to Rr'. "As in See. 1, (a), the assumption is made that the
pressure from R to r 1s constant. _\?_ 18 the ratlo of the index cf refraction over this
range to the index of refraction outside the shock wave,

The quantitics )&_, £, 8, Brt, Rr, 8, and & are successively determined by the

tn B - éﬁo:. (11-34)
@ cos (6 -B) = or' cos/3 (TI-35)
8 = 180° - (90°_",4¢__.-ﬁ) = 90° - f+/3 o ' (11-36)
By the law of sines, . .
- A (11-37

By the law of cosines,
| Re = \[ )+ (rr?)? - 2 (Re)(rr') cos (90° -A) ' (11-38)

Again by -tho law of sines,
sin J o _'ﬁn {900 = & )7

—e e e L (11-39)
rr! Re
By &nell's law,
‘) . oine@ - aln @ (IT;AO)
ain 8V - ain (6 -~ &) -

The eorresponding pressure is then obtained from Table X. After ealculations have been
made for several grid line lntermectlons, the peak pressuve $s determined by the method -
desoribed in Section 1 of Appendixz II; namely, by plotting the calculated pressures .
againet corresponding distances of the mid-point of Rr from the shock front, and -
extrapolating to zsro distance from the shock front. ' ) .
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It is to be noted that the shock wave photograph in tliis case probably does not
show the intersection of the shock wuve and the grid plane, bui rather the dntrrsection
of the grid plazne and a cone vhich has lts apex at the camera lens and 1c tangent to
the shock wave ephere, Thus, in determining the shock wave radius from the photograph,
a corresponding correction chould be ~pplied to the apparent radius.

Cric in same plane with charre; charge directly in front of camera; non-spherical
shock wmave

~ If the experimentel conditions meet the above requirements, the peak pressure of
the shock wave may be calculated as follows: Referping to Fig. 137, C 1s the positien
of the camera; S is the shock wave; Q it the charge; 0G is the grid (perpendicular
to the plane of the raper); R is the point at which the given light ray passes through
the shock front; r and r! are the true and apparent points of intersection of a pair
of gris lines, respectively; RG is the normal to the shock wave surface et R. As in
section 1 of_ this Apnendix, the assumption is made that the pressure from R to r is
constant, is the ratio of the index of refraction over this range to the index of’
refraction outside the shock wave. Although the shock wave is not assumed spherical,
it is agssumed that the shock wave surfance can be represented by some equation
f(x,y,z} = 0, the exact form being determined from the photograph of the shock vave,

The solution procceds according to the methods of analytic geometry. The charge

is taken as the origin of the coordinate axee, X, ¥, Z, and the various points in the
experimentul arrengement are assizned 4he ceordinates given in Flg. 137,

‘The equation of ling CR is

x =0 -
- y YJ - 2 -2 3
x, = 0 0 -y 0-~29 ' (xr-s1)
4 3 3
vhich simplifics to .
X -y -
- = 7 3l = 273 (17-41')
%4, 73 %3

These cquations are cembined with f(x,y,2z) = O to obtuin X3, ¥y, z3. The direction
components of QR are
__3__;‘_’31? df

ox © Oyy ' dm.

The direction components of CR are

cos 0y = ; y (1I-42)
2 2 2 af 2 . Af 2 a 21 1/2
(%, t ¥, +.23") éﬁi + '%T]'_ +( fb
The equation of line Rr is ‘
aliae: S As STl (11-43)
o 0mx Y5 =7 25 = 7
The dircction corponents of this line aro
L V5 T Yy 257 Ty
15518
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Y. :
e LA+ i . (11-44)

co8 92 L / /
5 1/2 n R . 1/2
[xlz + (y5 - Yl)/' + (25 = zl);3 . dr # + . of 4 + 3¢ .
_ CER 7 37
Having values now for 8; and €, by $nell's law,
Vo= JSmo (11-45)
ain 92

lh

Tho corresponding pressure is then cLtained from Table VII.

After calculations have beon made for several grid line intersections, the peak
prescure is determined by the method described in Section 1; nemcly, by plotting the
oaleulated pressurcs againat corresponding distances of the mid-point of Rr from the
shock front, and extrapolating to zero distance from the shock front. Since the shock
wave is not spherically symmetric, the other prid limv Intersections must bo chosen
in the same genoral rogion behind the shock wave to obtaln the peak pressure for that
region,

Attentlon is called also to the last paragraph in Section 2 of this Appendix,
which is applicable hore.

Grid behind shock wave; charpe directly in fyont of camera; soherical shock wave

If the experimental set-up mcots the above roquirements, the peak pressure of
the shock wave sy I caleulated as follows: Roefcrring to Fig, 138, § is the position
of the camers; § i=s the shock wave; O is the charpo; Gl is the grid (perpendicular to
the plane of tho papor); R and @ ave “the points at which the given light ray passes
through the shock front; r and p! are the true and apparont poinis of intersection
of & pair of prid lines, respective ly; O and 08 are the normals to the shock wave
surface at R and Q roopectively. As in Section 1 of this Appendix, the assumption
1c made that the prospure from R Lo § is constant. is the ratio of the index of
refraction over this ranpe to the index of refraction outside the shock wave, -

The solutlon proceeds according to the mothdde of analytic geometry. The charge -
is taken as the crigin of the coordinate axee x and y, and the various points in the
experimontal arranpgements are assigned the coordinates given in Fig., 138, Due to the
symmetry of the shock wave, the problem becomes planar for sny sinpgle prid line inter-
section. x3 and x; are obtaimd bef'ore the shot; and the radius of the (hock wuve OR,
Z} and & are deturmimd from the photograph.

The two equations

12 + 32 = (q:a,)Q (11--46)
and
¥y ¥y
1 - 3 (1I-4T)
Xl - )(4 XB- L.A

are solved simultansously far X1 and y,, the roots x., and Y being diacarded, Due to
the eircular symmetry of the shuck wave in tho x,y plane,

tan £1Q0 = tun Z ORC (11-48)

If, now, tho slope of any linc AR ls dosignated AAB’ from Eq. (II-48),

Ao - dow Ao e t19)
T P I e 9
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But 7\Qr - _’4_'35_ (11-50)
. x3 - 15

~

Am . \ (11-51)
X1
) y )
Qg = 75 (11-52)
x5
A = T3 (11-53)
3%, \
Combining Eqa, (II-50), (IT-51), (IX-52), (II-53) with Eq. (II-49) results in an
equation which reduces to
Ti¥5 T XS5 T X5+ Xeys  xgy Xy - %3
x315 - x52 + Yiys = Y52 x113 - xle + J153

vhere k is a constant for a given grid line intersection., Eq. (II=54) is combined
with

x52 + y52 " (OQ)2 = (0R)2 (11-55)

to obtain velues for X5 and ys5, the extraneous roots being discarded,

/\CR B '\RO —]

Z VRC = tan-l ) 3 (11-56)
1+ %er Mo )
and ' ’
Ao A
£ RQ = tan-l RQ)\ /\RO : (11-57)
1+ 222 Pro :
Combining
v - .
/\p_n = 5~ N . (11-58)
] x5 - xl

and Eqs. (I11-50), (1I-51), (I1-52), (1I-53), with Eqs. (1i456) and (II-57) results
in the following equations:

LWRC = ten~l (k) (11-59)
xl x5 - x5 yl . (11‘60)

£ ORQ = tap~t . 5
YT Ty ey

Finnily,
' i sin 2 VRe

® Snell's 1 II-61
VU Zog 0 rewteam,  aney

and the correspondiﬁg pressure 1s then obtained from Table VII.

After caleulations have been made for geversl grid line intersections, the peak
pressure is determined by the method described in Sectlon 1 of the Appendix; namely
by plotting the calculated pressures against corrssponding distances of the mid=point
of G from the shock front, and extrapolating to zero distance from the shock front.

Attention is again called to the fnct that the apparent intersection of the shock
wavo and grid on the photograph is the projection on the grid of a cone with its apex
at the camora lens and tangent to tho shock wave sphere, and the shock wave radius must
be caleculated accordingly,
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2.

APPENDIX III
CIRCUIT DIAGRAMS UF CAMERA TIMERS

Piner for high spesd camers ll/

Timing of the film speed cf the Zastman High Speed Camera Model III iz accomplished
by photographing periocdic light flashes from a small neon bulb synchronized with an
oscillator. The bulb is mounted close to the £ilm on the Inside of the camera. The
tining marks appear along the odge of the film and are photographed simultaneously with
the recording of the phenomena under observation. Operating at 3000 frames per sceond,
the maximum speed ot the camera, the circuit showm schematically in Flg. 139 produces
one mark on the film every third frame. Under thess conditions the distance between
two adjacent marks can be measured to one tenth of one per cent (1.e. to on3‘4sec)
by the use of an optical comparator.

The ci~anlt was desipgned to operate from the output of a 1000 cycle per sescond
tuning fork {ucncral Radio Type 813A) although it can be used with other sinusoidal
oscillators oporating at different frequencies if slight changes are made in some of
the circult constants, The accuracy of the film speed determination depends on the
accuracy of the oscillator frequency.

The essential parts of the circuit are a clipper (tubes T, and T4) which convorts
the input sine wave into a square wave; a counter circuit (T5 and Tg¢) which divides
the input frequency by two; a short duration pulse generator (Ty anS Tg); a power output
tubs (Tg) to drive the neon flashor, and a tuning eye (T4) to indicate the voltage of
the sine wave from the oscillator.

The neon bulb operates satisfactorily when cables as long as 1000 f4. are used
betweon the timor g~d the bulb; this is the greatest length of cable which has been
employed. The current in the nocm bulb is adjusted by the potentiometer in the cathode
circuit, of Ty in order to control the intensity of the bulbj about 5 mamp ig used at
1000 ops and”3 mamp at 500 cps.

This circult can be used with an externmal power supply operating from a power
1line and delivering 300-500 volts at 40 mamp, in addition to current for tube heaters,
or from a 6-volt storage battery if other power is not avalleblé, It is deslrable to
uge a different source of power for operating the circuit than that used for operating
the cemera because, when the camera starts, a very lerge surge is introduced which
may affect the operation of the electronisc cireuit, particularly if the power ia
obtained from & smell generater, A Mallory Tyep VP=552 vibrepack and a filter section
are bullt into the unit for operation from a 6-volt battery and a Mallory Type 107 -
battery charger is imslrnded for charging the storage battery from a power line., The
1000 eps tuning fork, tie vibrapack and the battery charger are included in a portable
wooden carrying case waich houses the electronic circuit,

Timer for Jerome cemera

Inasmuch as the requirements for the Joromo camora wers much lers gevere than
thooo for thc Eastman High Speed Camera because of the lower speed required, a simpler
circuit shown in Fig, 140 was used to drive a neon lamp. A 50 cycle, single contact
electricsl tuning fork excites this unit. The signal from the fork is amplified
and sharpened into short duration pulses in the first two stages and then applied to
the grid of a Strobotron tube (SN4§. The SN/, fires on each pulse, discharging the
4 j4f condenser through the transformer in its plate circult. The output of this
transformer drives a 1/4 watt neon buldb mouri~d in the camera and connected to the
timer unit throusn = cable, The short disv....¢e time of the 4“;4f condenser insures
short duratlon [ :zht pulses from the neon bulb suitable for dotting the film.

This is discussed in more détsil by G. K. Fraenkel, Apparatus for the meagurement of

gir burst prespures by mesns of plezoelectric gepes, NDRC No. A=-373, OSRD No. 8251,
Chapter 9.3.
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GAGKBTS AND CTUFFING BOXES FOR CALBRA CASES

Yie have found that gasket and stuffing box design for our camera cases is not very
critieal. MNo special effort is made to achieve very closc tolerances on gasket surfaces.
Howover, whenever practical we put tho gasket in a tongue and groove type of Joint. The
only gasket failures we have huad have been due to static and not dynamle presswe. At a
depth of 600 feet, for example, ve found that we could not use our ordinary 1/8 to 1/16 inch
rubber gasket because it squeezed out. Thin Vellwaold was found satisfactory in this instance,

Yt have used two types of stuffing hoxes for electrical leuds with equal success. In
the first type (see Fig, 141) the vire eable led through s hole in the case which was packed
with compressed rubber, In the second type (Fip., 142), an insulated metal jack was put
through the case and electrical comections were made on bothi sides of the jack. The sccond
method is perhaps preferable in deep vater because thers is no chance of vater leaking into
the case through a hols in the cable insulation.
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